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CHAPTER  1 
INTRODUCTION 

Conventional  practice  in  geotechnical  engineering  usually  requires  sam¬ 
pling  of  soil  materials  and  subsequent  laboratory  testing  to  determine  the  soil 
properties  necessary  for  design.  This  procedure  suffers  from  the  impossibility 
of  ever  testing  the  soil  in  the  state  at  which  it  exists  in  the  ground.  Besides 
sampling  and  testing  disturbances,  removal  of  the  sample  from  the  ground 
causes  changes  in  the  stress  system  acting  on  the  sample.  The  severity  of  the 
effect  of  this  change  depends  on  the  nature  of  the  soil  fabric  and  its  sensi¬ 
tivity  to  microstrains.  It  is  not  possible  to  make  a  determination  of  the  fabric 
sensitivity  a  priori.  The  particulate  nature  of  soils,  their  fabric,  and  the  asso¬ 
ciated  influence  of  environmental  conditions  all  serve  to  reduce  our  confidence 
in  the  conventional  determination  of  in  situ  soil  behavior  parameters. 

One  way  to  improve  the  situation  is  to  forego  sampling  and  use  in  situ 
testing  devices  to  determine  soil  properties  directly.  In  situ  testing  promises 
increasing  effectiveness  and  efficiency  for  foundation  engineering  design.  How¬ 
ever,  the  results  of  most  in  situ  tests  must  be  empirically  correlated  to  soil 
properties.  Of  all  the  in  situ  methods  now  in  use,  the  pressuremeter  offers  the 
greatest  possibility  for  markedly  improving  our  ability  to  determine  design 
parameters  and  in  situ  behavior.  This  is  because  load-deformation  informa¬ 
tion  is  directly  obtained  from  the  test,  and  this  information  may  with  proper 
interpretation  yield  the  constitutive  relationship  for  the  soil. 

The  research  study  undertaken  at  1'urdue  attempts  to  increase  our 
understanding  of  the  influence  of  certain  soil  conditions  and  testing 
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procedures  on  the  stress-strain  and  strength  properties  of  soil  materials.  The 
research  program  was  organized  around  issues  which  directly  affect  the  deter¬ 
mination  of  in  situ  soil  properties  by  the  pressuremeter  or  self-boring  pres- 
suremeter.  However  a  number  of  the  theoretical  and  experimental  avenues  of 
research  which  were  investigated  are  expected  to  prove  useful  in  other  areas. 

The  work  performed  to  date  has  involved  both  experimental  and  analyti¬ 
cal  developments.  Experiments  were  performed  in  a  calibration  chamber 
using  model  pressuremeters,  as  well  as  in  Kc  triaxial/plane  strain  and 
cuboidal  shear  devices.  Analytical  work  dealt  with  both  the  interpretation  of 
experimental  data  and  theoretical  developments  related  to  pressuremeter  test¬ 
ing.  These  research  accomplishments  are  summarized  in  the  following  six 
chapters.  Each  chapter  provides  a  description  of  the  experimental  and/or 
analytical  techniques  developed  during  the  investigation  and  presents  the 
most  important  results  and  conclusions.  Whenever  necessary,  references  are 
made  to  dissertations  and  technical  papers  written  during  the  course  of  the 
study.  The  main  conclusions  of  the  research  are  re-evaluated  globally  in  the 
final  chapter.  Appendix  I  contains  a  listing  of  the  technical  papers  and  dis¬ 
cussions  already  published  or  in  preparation  on  the  results  of  this  research. 
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CHAPTER  2 


CALIBRATION  CHAMBER  RESEARCH 


2.1  Introduction  and  Objectives 

Calibration  chambers  (CC)  have  been  used  by  a  number  of  researchers  to 
investigate  the  behavior  of  in  situ  tests  in  granular  soils  under  controlled  con¬ 
ditions.  In  a  CC,  uniform  and  reproducible  samples  can  be  created,  which 
can  then  be  subjected  to  known  stress  history  and  boundary  conditions.  CC 
studies  have  helped  considerably  in  understanding  the  behavior  of,  for  exam¬ 
ple,  the  pressuremcter  test  (PMT)  in  granular  soils. 

CC  testing  with  cohesive  soils  is,  however,  unprecedented.  Consequently, 
previous  experimental  studies  on  the  PMT  have  been  limited  to  field  tests  and 
comparisons  with  conventional  laboratory  tests  on  samples  from  the  same 
site.  Sample  disturbance  and  the  natural  variation  in  soil  properties  such  as 
water  content,  plasticity,  and  stress-strain  behavior,  even  for  soils  from  the 
same  deposit,  make  comparisons  with  field  test  results  problematic.  Thus  the 
CC  approach  is  a  more  desirable  alternative  for  cohesive  soils. 

In  this  research,  a  calibration  chamber  system  and  pressuremcter  testing 
procedures  were  developed  for  cohesive  soils  with  the  following  objectives: 

1.  Investigate  the  effects  of  strain  rate  and  partial  drainage  on  prcssureme- 
ter  test  results. 

2.  Study  the  stress  paths  and  conditions  for  the  existence  of  radial  cracking 
in  the  soil  during  a  PMT  in  cohesive  soils. 

3.  Consider  the  effects  of  the  variation  of  initial  stress  conditions  on  the  test 
results. 

4.  Evaluate  the  PMT  holding  test. 


To  achieve  these  objectives,  a  scries  of  mode)  pressuremeter  tests  in  a 
calibration  chamber  were  performed  under  different  boundary  and  initial  con¬ 
ditions.  *  Other  variables  were  strain  rate,  plasticity  and  overconsolidation 
ratio  of  the  clays.  Following  the  pressuremeter  expansion,  a  stress  or  strain 
controlled  holding  test  was  performed,  and  the  pore  pressures  developed  dur¬ 
ing  the  tests  were  monitored.  The  research  also  involved  reference  CK0U 
axial  compression  and  axial  extension  triaxial  tests  and  vertical  and  horizon¬ 
tal  oedometer  tests  on  undisturbed  samples  of  the  clays  tested  in  the  calibra¬ 
tion  chamber.  The  background  and  research  approach,  laboratory  equipment 
and  testing  procedures,  and  the  interpretation  and  analysis  of  the  data  are 
detailed  in  the  dissertation  by  Huang  (1986).  Huang,  Holtz,  and  Chameau 
(1985  and  1987)  also  describe  various  aspects  of  the  CC  testing  system  and 
procedures. 

2.2  Description  of  Equipment  Developed 

Specialized  laboratory  equipment  developed  for  this  research  included  a 
double  wall  calibration  chamber  system,  model  pressuremeters,  a  slurry  conso- 
lidometer  to  prepare  undisturbed  triaxial  samples,  a  triaxial  device  capable  of 
consolidating  a  sample  under  K0  conditions,  and  related  instrumentation. 
The  design  concepts  and  mechanical  details  of  these  devices  are  given  in 
detail  by  Huang  (1986)  and  summarized  by  Huang.  Holtz  and  Chameau  (1985 
and  1987).  Only  a  brief  description  follows. 

The  time  required  to  consolidate  clay  samples  and  handling  difficulties 
led  us  to  build  a  small  scale,  flexible  wall  chamber  system  and  to  use  model 
pressuremeters  to  perform  calibration  chamber  tests.  The  basic  concept  is  to 
first  consolidate  a  clay  sample  from  a  high  water  content  slurry  (about  2.5 
times  the  LL)  in  the  slurry  consolidomoter  (Fig.  2.1).  First  stage  consolidation 
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occurs  with  the  model  pressureineler  and  miniature  piezometers  already  in 
place.  Since  there  is  no  need  for  a  boring  in  which  to  insert  the  pressureme¬ 
ter,  the  primary  source  of  soil  disturbance  is  eliminated.  In  addition,  the 
sample  is  consolidated  in  a  rubber  membrane  which  in  the  second  stage  conso¬ 
lidation  becomes  the  CC  inner  membrane.  Thus,  there  is  no  sample  extrusion, 
and  disturbance  of  the  sample  is  further  reduced. 

The  double  wall  CC  is  shown  in  Fig.  2.2,  and  Fig.  2.3  is  a  schematic 
diagram  of  the  CC  control  system.  Instrumentation  specially  developed  for 
this  research  includes  the  model  pressuremeter  and  miniature  piezometers 
(Fig.  2.4).  The  reference  K0  testing  was  carried  out  in  the  K0  triaxial  shown 
in  Fig.  2.5.  A  similar  procedure  as  for  the  CC  tests  was  used  to  consolidate 
triaxial  samples  directly  in  a  membrane  using  the  apparatus  shown  in  Fig. 
2.6. 

All  of  this  equipment  was  instrumented  with  pressure  transducers  (gage 
and  differential)  and  LVDT’s.  The  chamber  and  triaxial  cell  were  placed  in  a 
temperature  controlled  room  where  the  temperature  was  maintained  within  a 
range  of  23.0  to  24.0°  C.  All  instrument  outputs  are  in  DC  voltage.  A 
MACS'^'M  2  (Analog  Devices,  Inc.)  data  logging  system  was  used  to  perform 
analog/digital  conversion  and  to  take  readings.  This  device  was  interfaced 
with  an  IBM  personal  computer  for  data  display,  storage,  and  reduction. 

2.3  Reference  Soil  Tests 

In  addition  to  basic  classification  tests,  K0  triaxial  and  oedometer  tests 
were  performed  to  provide  reference  properties  for  the  soils  utilized  in  the 
chambe;  pressuremeter  tests.  Georgia  kaolinite  and  an  Indiana  silt  were  util¬ 
ized  in  the  experiments.  Fig.  2.7  shows  the  grain  size  distribution  of  the  kao- 
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Unite  and  silt.  The  specific  gravity  and  Atterberg  limits  are  given  in  Table 
2.1.  Two  types  of  soil  mixtures  were  utilized  in  the  experiments:  100%  kao- 
linite,  and  a  mixture  of  50%  kaolinite  and  50%  silt  (by  dry  weight).  The 
100%  kaolinite  will  hereinafter  be  referred  to  as  the  K100  soil  and  the  50/50 
blend  will  be  called  K50. 

The  K0  triaxial  tests  provided  stress-strain  relationships  and  strength 
data  for  the  K50  and  K100  soils  in  axial  compression  and  axial  extension. 
The  same  consolidation  pressures  and  OCR  values  as  in  the  CC  tests  were 
used.  Table  2.2  presents  the  test  plan,  and  consolidation  data,  while  Table 
2.3  is  a  summary  of  all  the  triaxial  test  results.  Graphs  of  all  tests  performed 
are  given  by  Huang  (1986),  as  are  details  of  soil  and  slurry  preparation,  tests 
procedures,  and  an  analysis  of  test  errors. 

Stress  controlled  oedomcter  tests  were  performed  in  both  the  vertical  and 
horizontal  direction  to  determine  the  consolidation  characteristics  of  KlOO 
and  K50  for  the  chamber  holding  tests.  These  results  are  summarized  in 
Table  2.4. 

2.4.  Chamber  Pressuremeter  Tests  --  Presentation  and 

Analysis  of  Results 

Table  2.5  gives  the  soil,  OCR,  test  condition,  and  strain  rate  for  the  19 
tests  considered  acceptable  for  this  research.  Details  of  sample  preparation 
and  set  up,  CC  testing  procedures,  pore  pressure  monitoring,  data  reduction, 
and  interpretation  of  the  chamber  pressuremeter  tests  results  are  given  by 
Huang  (1986). 

Because  such  tests  had  not  been  previously  performed,  a  study  of  the 
quality  of  the  samples  and  tests  was  made.  Huang,  et  al.  (1985),  and  Huang 
(1986)  summarized  the  results  of  these  investigations.  Basically,  the  data 
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Table  2.J  Properties  of  Experimental  Clays 


Soil 

Liquid  Limit 

Plastic  Limit 

Specific  Gravity 

Kaolin  ite 

63 

36 

2.65 

K50 

37 

23 

2.60 

Kifipuiiii 


mm 


Groin  size,  mm 

Figure  2.7  Grain  size  distribution  curves 
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Table  2.2  Test  plan  and  consolidation  data 


Test  No. 

Soil 

O.C.R. 

Shearing  Mode 

"vc 

(final) 

kPa 

B 

Value 

K0OC 

KT-7 

K100 

1 

CKU-AC 

276.7 

0.99 

0.56 

- 

KT-19 

K100 

1 

CKU-AC 

275.3 

0.99 

0.56 

- 

KT-28 

K100 

1 

CKU-AE 

274.8 

1.00 

0.55 

- 

KT-20 

K100 

10 

CKU-AC 

27.58 

1.00 

0.55 

1.49 

KT-22 

K100 

10 

CKU-AE 

27.51 

0.99 

0.56 

1.55 

KT-21 

K50 

1 

CKU-AC 

276.3 

1.00 

0.52 

- 

KT-23 

K50 

1 

CKU-AE 

275.8 

1.00 

0.49 

- 

KT-25 

K50 

10 

CKU-AC 

28.46 

0.99 

0.49 

1.47 

KT-29 

K50 

10 

CKU-AE 

27.82 

1.00 

0.50 

1.49 

Table  2.3  Summary  of  Triaxial  Test  Results 
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Table  2.4  Consolidation  characteristics  of  KI00  and  K50  samples 
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Table  2.5  Summary  of  chamber  pressuremeter  tests 


Test  No. 

Soil 

O.C.R, 

Test  Condition 

Strain  Rate 
%,  minute 

CP4 

K50 

1 

Perfect 

0.10 

CP6 

K100 

1 

Perfect 

0.73 

CP8 

K50 

1 

Perfect 

0.73 

CP10 

K50 

1 

Perfect 

0.73 

CP12 

K100 

1 

Perfect 

0.73 

CP15 

K100 

1 

Overstressed 

0.73 

CP16 

K100 

10 

Perfect 

0.73 

CP17 

K50 

1 

Overstressed 

0.73 

CPlB 

K100 

1 

Perfect 

4.40 

CPI  9 

K50 

1 

Perfect 

4.40 

CP20 

K100 

10 

Perfect 

4.40 

CP21 

K10C 

1 

Understressed 

0.73 

CP23 

K50 

10 

Perfect 

0.73 

CP25 

K50 

10 

Perfect 

4.40 

CP26 

K50 

1 

Understressed 

0.73 

CP27 

K100 

10 

Overstressed 

0.73 

CP28 

K100 

10 

Understressed 

0.73 

CP29 

K50 

10 

Overstressed 

0.73 

CP30 

K50 

10 

Understressed 

0.73 

v  \  V\  r'T 


n  v. 


vt 
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suggested  that  the  samples  were  very  uniform  and  reproducible,  as  shown  in  a 
comparison  of  duplicate  tests  CP6  and  CP12  (KlOO  soil)  and  CPS  and  CP10 
(K50  soil)  in  Figs.  2.8  and  2.9.  Another  concern  was  possible  shear  stress 
between  the  probe  and  adjacent  soil  induced  during  chamber  consolidation, 
but  analysis  indicated  that  the  probe  boundary  shear  stress  can  be  considered 
insignificant. 

Wood  and  Wroth  (1977)  noted  negative  circumferential  stresses  in  their 
analyses  of  self-boring  pressuremeter  (Camkometer)  tests.  It  w'as  of  concern 
that  this  might  cause  radial  cracking  in  the  soil  and  thus  violate  the  assump¬ 
tion  of  plane  strain.  First  an  attempt  was  made  to  investigate  experimentally 
the  possibility  of  radial  cracking  using  acoustic  emission  (AE)  techniques,  but 
unfortunately  it  was  impossible  to  detect  any  significant  difference  in  emission 
"counts"  during  several  tests.  A  summary  of  our  AE  work  is  presented  in 
Appendix  II. 

Next,  a  detailed  analysis  of  the  effective  stress  paths  of  N.C.  and  O.C. 
clays  was  made.  No  negative  values  of  the  circumferential  stress  were 
observed  in  any  case.  Therefore,  the  possibility  of  radial  cracking  was  not 
considered  further  in  the  analyses  of  the  chamber  pressuremeter  results. 

Analyses  of  Chamber  Pressuremeter  Data  —  The  pressuremeter 
tests  conducted  included  different  strain  rates  and  different  levels  of  stress 
disturbance.  A  total  of  11  CC  tests  were  performed  in  two  types  of  N.C.  and 
O.C.  clays  under  so-called  "perfect"  conditions  (Table  2.5)  in  which  no 
mechanical  disturbance  of  the  soil  occurred  before  pressuremeter  expansion. 
The  results  are  shown  in  Figs.  2.8  to  2.13.  The  results  have  been  interpreted 
using  the  Simplex  curve  fitting  technique  described  in  Chapter  A  of  this 
report,  and  for  simplicity,  only  the  interpretation  which  lias  the  least 
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standard  deviation  is  shown  (called  "Simplex  interpretation").  Table  2.6  sum¬ 
marizes  the  results  of  Simplex  interpretation  of  these  tests.  Figures  2.14  to 
2.17  show  the  stress-strain  curves  interpreted  according  to  the  Simplex  pro¬ 
cedure. 

Strain  Rate  Effects  —  The  test  results  indicate  that  the  initial  shear 
modulus  increases  with  the  strain  rate.  On  the  other  hand,  the  peak  stress 
difference  decreases  with  the  strain  rate  (The  only  exceptions  are  tests  CP16 
and  CP20).  The  data  further  indicate  that  the  limit  pressure,  Pj  (asymptotic 
probe  pressure  as  the  radial  strain  approaches  infinity),  is  relatively  insensi¬ 
tive  to  strain  rate. 

As  the  strain  rate  increases,  the  probe  pressure  curve  becomes  steeper 
initially  and  then  levels  off  to  reach  almost  the  same  limit  pressure  (Figs. 
2.10-2.13).  The  soil  stress  strain  relationship  involved  in  all  the  curve  fitting 
interpretation  methods  is  directly  related  to  the  derivatives  of  the  pressureme- 
ter  curve.  Thus,  this  relatively  rapid  initial  increase  of  probe  pressure  at  the 
higher  strain  rates  results  in  higher  principal  stress  differences  and  higher  ini¬ 
tial  shear  moduli.  When  the  curves  level  off,  strain  softening  results  because 
of  the  smaller  derivatives,  and  this  causes  the  stress-strain  curve  to  have  a 
peak  at  small  strains  (Compare,  e.g.,  Figs.  2.10  and  2. 14.).  The  combination 
of  the  initial  shear  modulus  and  the  radial  strain  where  strain  softening 
occurs  determines  the  peak  stress  difference  in  the  interpretation. 

From  the  model  pressuremeter  tests,  it  appears  that  the  effect  of  higher 
initial  shear  modulus  (higher  stress  difference  at  the  same  strain)  for  the 
higher  strain  rate  tests  is  more  than  compensated  for  by  the  strain  softening 
effect.  This  provides  an  explanation  as  to  why  the  peak  stress  difference 
tends  to  decrease  as  strain  rate  increases  in  these  tests.  If  the  relatively 


k  Pa 


Figure  2.14  Interpretation  of  tests  in  N.C.,  K50  soil 


Radial  strain  ,  * 


Figure  2.15  Interpretation  of  tests  in  N.C.,  K100  soil 


constant  limit  pressure  would  prevail  at  even  higher  strain  rates,  the  eflcct  of 
high  modulus  would  eventually  overcome  that  of  the  strain  softening,  and  the 
peak  stress  difference  would  again  increase  with  strain  rate.  The  interpreta¬ 
tion  would  then  yield  a  stress  strain  curve  which  has  a  very  high  peak  stress 
difference  and  significant  strain  softening  (See  test  CP20,  Fig.  2.17).  To 
further  illustrate  this  phenomenon,  a  hypothetical  pressuremeter  curve 
representing  an  extremely  rapid  test  has  been  added  to  Fig.  2.10  ("projected 
fast  test").  The  interpretation  of  this  pressuremeter  curve  shows  a  much 
higher  peak  stress  difference  and  very  strong  strain  softening  (Fig.  2.14).  It  is 
interesting  that  curves  exhibiting  a  similar  high  peak  stress  difference  and 
strain  softening  are  commonly  obtained  from  full  size  self  boring  pressuremc- 
ter  tests  (e.g.  Ladd,  ct  ah,  1980). 

Unfortunately,  the  maximum  strain  rate  that  the  present  apparatus 
could  provide  was  4.4  %/m‘m..  Additional  research  at  even  higher  strain 
rates  or  alternatively,  gradually  increasing  probe  diameters  are  needed  to 
further  validate  these  findings. 

Disturbance  Effects  —  In  addition  to  the  "perfect"  tests  (Table  2.5), 
both  "overstressed"  and  "understressed"  tests  were  performed  to  investigate 
the  effects  of  borehole  disturbance.  All  tests  were  conducted  at  a  strain  rate 
of  0.73  %/rnin.  Typical  probe  pressure  vs.  time  records  are  shown  in  Fig. 
2.18.  Figs.  2.19  and  2.20  give  the  complete  pressuremeter  curves  for  the  tests 
on  NC  and  OC  K100  soil  (the  results  on  the  K50  soil  are  very  similar). 

In  the  interpretation,  only  the  final  expansion  curve,  starting  from 
points  A  and  B  for  overstressed  and  understressed,  respectively,  as  shown  in 
Figs.  2.19  and  2.20,  was  considered,  as  if  there  was  no  knowledge  of  the  previ¬ 
ous  stress  disturbance.  The  resulls  of  these  interpretations  are  given  in  Table 


Probe  pressure,  kPa 
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(a)  Perfect  test 


(b)  Overstressed 


Time  elapsed,  min. 


(c)  Undepressed 

Figure  2.18  Probe  pressure  records  for  the  perfect,  overstressed, 
and  understressed  tests 
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2.7  for  both  soils,  and  Figs.  2.21  and  2.22  (for  K100  only  --  results  for  K50 
were  quite  similar). 

Overstressing  and  the  consolidation  that  followed  made  the  soil  stronger, 
since  all  overstressed  tests  showed  slightly  higher  limit  pressures  as  compared 
to  the  "perfect"  results.  For  the  overstressed  tests  in  N.C.  clays,  the  inter¬ 
preted  peak  stress  differences  are  lower  than  those  of  perfect  tests.  The  over¬ 
stressed  tests  in  O.C.  clays  show  higher  peak  stress  differences  than  those  of 
the  "perfect"  tests.  This  is  again  mainly  due  to  the  very  similar  limit  pres¬ 
sures  and  the  nature  of  the  interpretation  as  described  previously. 

The  understressed  condition  was  caused  by  initially  overstressing  the 
probe;  after  the  pore  pressure  dissipated,  the  probe  pressure  was  reduced  to 
the  same  level  as  the  applied  back  pressure  and  held  again  until  the  excess 
pore  pressure  stabilized  prior  to  the  final  probe  expansion  (Fig.  2.18).  This 
testing  procedure  conceptually  considered  the  overstressed  condition  as  the 
original  condition.  The  lowering  of  the  probe  pressure  to  the  back  pressure 
simulated  the  conditions  in  either  a  pre-bored  pressuremeter  test  or  a  self¬ 
boring  pressuremeter  with  an  oversized  cutter,  where  the  lateral  support  of 
the  bore  hole  is  provided  solely  by  drilling  fluid.  In  both  cases,  disturbance 
can  be  considered  as  "severe".  Although  the  probe  pressure  increased  during 
the  last  holding  period,  the  measured  horizontal  normal  stress  ab  for  all 
understressed  tests  (Table  2.7)  is  significantly  lower  than  the  original  lateral 
earth  pressure.  For  all  tests,  the  interpretation  results  show  relatively  high 
initial  shear  moduli  and  peak  stress  diflerences.  This  is  mainly  due  to  the  low 
crb  which  results  from  understressing.  The  findings  suggest  that  if  a  relation¬ 
ship  between  the  undrained  shear  strength  and  (l’|  -  rrfa)  can  be  established, 
then  the  results  will  most  likely  not  be  aflected  by  disturbance,  provided  is 


CP28  K100  10  understressed  697/759  51  54000  9.44 
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Radial  strain  ,  * 


Figure  2.22  Simplex  interpretation  of  perfect  and  disturbed 
pressuremeter  tests  in  O.C.,  K100  soil 


obtained  by  other  dependable  means.  The  results  also  indicate  that  the 
modulus  measurements  in  "disturbed"  pressuremeter  tests  are  not  valid.  If 
some  disturbance  is  inevitable,  it  may  be  advisable  to  overstress  the  soil  some¬ 
what,  as  this  usually  provides  a  lower  modulus  and  a  lower  undrained  shear 
strength;  thus  the  values  would  be  conservative  for  use  in  practice. 

Soil  Modulus  --  So  far,  all  the  interpretations  of  the  tests  results  have 
included  the  initial  shear  modulus.  As  shown  by  Huang  (1980),  this  value  can 
be  easily  computed  after  the  stress-strain  function  is  determined  from  the 
curve  fitting  process.  The  test  results  confirm  previous  experience  with  the 
determination  of  initial  shear  modulus:  the  results  are  extremely  sensitive  to 
soil  disturbance,  and  in  comparison  with  laboratory  tests  values  range  from 
about  the  same  to  much  higher  (Huang,  1980). 

Considering  all  the  uncertainties  involved  in  the  determination  of  initial 
shear  modulus,  it  seems  advisable  not  to  use  the  pressuremeter  to  determine 
this  soil  parameter. 

Wroth  (1984)  suggested  that  the  shear  modulus  G  can  be  measured  by 
conducting  unload-reload  cycles  or  "loops"  during  probe  expansion.  If  the  clay 
behaves  linear  elastically  during  this  cycle,  then  the  loop  will  be  a  straight 
line.  The  G  values  from  all  unload-reload  loops  conducted  during  model  pres¬ 
suremeter  tests  are  shown  in  Table  2.8.  In  all  tests,  the  loops  were  fairly 
linear;  however,  the  determination  of  the  loop  gradient  was  very  sensitive  to 
noise'  in  the  data,  especially  when  the  hysteresis  was  large.  Based  on  experi¬ 
ence  in  this  research,  the  determination  of  G  values  from  unload-reload  loops 
is  subject  to  considerable  judgment,  and  therefore  the  G  values  shown  in 
Table  2.8  are  only  approximate.  As  these  values  are  from  tests  with  different 
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significant  effect  on  the  measurement  of  G. 

Holding  Test  Results  --  The  installation  of  piezometers  in  the  calibra¬ 
tion  chamber  enabled  the  monitoring  of  the  pore  pressure  distribution  during 
pressuremeter  expansion  and  during  subsequent  holding  tests.  Figs.  2.23  and 
2.24  show  the  pore  pressure  distribution  at  the  end  of  pressuremeter  expan¬ 
sion  in  NC  and  OC  clays,  respectively.  The  data  points  in  these  figures  are 
compiled  from  all  the  tests  at  the  0.73%/minutc  strain  rate,  including  those 
with  stress  disturbance.  It  can  be  seen  that  the  pore  pressure  distributions 
are  very  similar  for  both  K50  and  KlOO  soils,  probably  due  to  their  similar 
consolidation  properties  (see  cb  measurements  in  Table  2.4  and  similar  G/su 
values  in  Tables  2.9  and  2.10).  The  data  also  indicate  that  stress  disturbance 
has  little  effect  on  the  pore  pressure  distribution.  However,  the  pore  pressure 
measurements  at  the  end  of  pressuremeter  expansion  (beginning  of  the  holding 
test)  for  both  the  NC  and  OC  clays  are  much  lower  than  those  predicted  by 
Randolph  and  Wroth  (1979)  using  the  measured  G/su  values  (Figs.  2.23  and 
2.24).  This  difference  is  probably  due  to  the  significant  drainage  which  occurs 
during  the  probe  expansion  because  of  the  relatively  small  size  of  the  model 
pressuremeter.  It  is  difficult  to  conduct  realistic  undrained  tests  in  the 
present  apparatus. 

Holding  tests,  both  strain  and  stress  controlled,  were  performed  following 
pressuremeter  expansion  in  most  tests.  Fig.  2.25  shows  an  example  of  each  on 
NC  K50  soil.  Typically,  the  pore  pressure  dissipation  in  a  stress  controlled 
holding  test  is  slower  than  in  a  strain  controlled  test,  because  the  probe  pres¬ 
sure  decreases  during  a  strain  controlled  test.  The  cb  values  derived  using  the 
procedures  by  Clarke,  et  al.  (1979)  based  on  the  test  data  are  shown  in 
Tables  2.9  and  2.10.  As  suggested  by  Wroth  (1981).  the  shear  moduli  required 
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Figure  2.23  Pore  pressure  distribution  at  the  end  of  pressuremeter 
tests  in  N.C.  clay 


Figure  2.24  Pore  pressure  distribution  at  the  end  of  pressuremeter 
tests  in  O.C.  clay 
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Table  2.9  Results  of  strain  controlled  holding  tests 
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Table  2.10  Results  of  stress  controlled  holding  tests 


KVljl 

I'M 


Teat  No  «,  ,  «i  l»o 

IcPa  kPa  minute 


5-2 


52-2 


-  2 


-  2 


l  », _ 

c^.  m,  jrr 

i  Clarke,  et  at 
f 19791 


3-5 


3  - 


-  5  3 


c  .  m  jt 

k 

finite 

Difference 


a 


36 


for  the  interpretation  of  the  holding  tests  were  taken  from  the  unload-reload 
loops  (Table  2.8)  because  its  stress  path  is  similar  to  that  of  a  holding  test. 
The  su  values  needed  were  based  on  a  Simplex  interpretation  of  the  perfect 
tests  (Table  2.6).  The  t50  was  taken  as  the  time  when  the  pore  pressure  in 
the  bolding  test  reached  an  average  value.  The  results  show  that  for  the 
same  type  of  soil  and  stress  history  (Tables  2.8)  the  c*,  values  from  strain  con¬ 
trolled  tests  are  approximately  three  to  four  times  those  of  stress  controlled 
tests.  On  the  other  hand,  the  ct  values  from  stress  controlled  tests  are  very 
close  to  those  of  virgin  loading  as  determined  in  horizontal  oedometer  tests 
(Table  2.4). 

2.5  Conclusions 

1.  Uniform  and  reproducible  samples  of  cohesive  soil  can  be  prepared  using 
the  calibration  chamber  system.  The  results  of  model  pressuremeter  tests 
performed  in  the  chamber  were  quite  repeatable. 

2.  Because  of  the  small  size  of  the  model  pressuremeter  probe,  significant 
drainage  occurred  during  the  pressuremeter  tests,  which  resulted  in  con¬ 
ditions  closer  to  drained  than  undrained. 

3.  The  undrained  shear  strengths  derived  from  model  pressuremeter  tests 
with  strain  rates  between  0.1  and  0.73/c/minute  agree  very  well  with  the 
plane  strain  shear  strengths  predicted  using  the  Prevost  (1979)  pro¬ 
cedures  and  the  corresponding  triaxial  test  results.  A  higher  pressureme- 
ter  expansion  rate  results  in  a  greater  initial  pressure  increase;  however, 
the  limit  pressures  were  found  to  be  relatively  insensitive  to  strain  rate. 
Thus,  the  derived  initial  shear  moduli  increase  with  strain  rate. 
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4.  The  maximum  principal  stress  difference  initially  decreases  with  strain 
rate,  but  after  reaching  a  minimum  value,  it  increases  with  strain  rate. 
The  soil  stress  strain  relationship  becomes  increasingly  strain  softening  at 
higher  strain  rates.  This  is  probably  why  even  high  quality  self  boring 
pressuremeter  tests  yield  very  high  peak  shear  strengths  with  subsequent 
large  strain  softening. 

5.  Stress  disturbance,  either  by  overstressing  or  understressing  the  soil 
around  the  probe,  appears  to  affect  only  the  early  part  of  the  pressureme¬ 
ter  curve.  This  does,  however,  result  in  a  significant  variation  of  the 
lateral  earth  pressure  and  initial  shear  modulus.  These  variations  in  turn 
affect  the  interpretation  of  the  undrained  shear  strength. 

6.  The  initial  shear  moduli  are  very  sensitive  to  strain  rate,  stress  distur¬ 
bance,  and  the  method  of  interpretation.  Therefore,  it  is  suggested  that 
for  practical  applications,  the  pressuremeter  not  be  used  to  determine 
this  soil  property. 

7.  Both  the  pore  pressure  distribution  at  the  end  of  probe  expansion  and  the 
shear  modulus  as  determined  from  unload-reload  loops  are  not  sensitive 
to  stress  disturbance  occurring  prior  to  the  test. 

8.  The  coefiicient  of  horizontal  consolidation  c^  determined  from  stress  con¬ 
trolled  holding  tests  with  probe  pressure  exceeding  the  lateral  preconsoli¬ 
dation  pressure  agrees  well  with  those  obtained  from  virgin  loading  in 
oedometer  tests.  However,  strain  controlled  holding  tests  tends  to  overes¬ 
timate  cb  by  three  to  four  times. 
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CHAPTER  3 

CUBOIDAL  SHEAR  TESTING 

Conventional  triaxial  testing  is  always  associated  with  two  equal  princi¬ 
pal  stresses  while  the  third  one,  being  different  from  the  other  two,  provides 
the  principal  stress  difference.  Such  an  axisymmetric  loading  situation  is  not 
so  common  in  practice.  To  model  the  behavior  of  a  soil  element  under  more 
realistic  loading  conditions,  it  is  desirable  to  have  means  of  applying  three 
independently  controlled  principal  stresses.  For  this  purpose,  a  euboidal  shear 
device,  also  called  a  true  triaxial  device,  was  developed. 

This  device  was  used  to  study  the  effects  of  anisotropy  and  stress  path  on 
undrained  shear  strength  and  pore  pressure  development.  A  slurry  consoli- 
dometer  was  used  to  prepare  102  mm  cubical  specimens.  An  overall  view  of 
the  entire  testing  arrangement  is  shown  in  Fig.  3.1.  The  design  concepts  and 
the  relevant  details  of  the  euboidal  shear  device,  slurry  consolidometer,  and 
the  appurtenant  components  arc  described  first.  Then  the  test  program  is 
presented,  followed  by  a  discussion  of  the  results. 

3.1  Description  of  the  Cuboidal  Shear  Device  and  Appurtenant  Com¬ 
ponents 

3.1.1  Cuboidal  Shear  Device 

The  first  cuboidal  shear  device  was  developed  by  Kjcllman  (1936).  Its 
use,  especially  as  a  research  tool,  has  increased  markedly  since  the  1960s.  The 
devices  differ  from  each  other  mainly  in  the  specimen  dimensions  and  boun¬ 
dary  conditions.  The  device  developed  in  this  research  is  a  lloxible  boundary 


type,  in  which  the  specimen  "floats"  between  six  silicone  rubber  membranes. 
The  specimen  is  loaded  by  compressed  air  applied  to  these  membranes.  Fric¬ 
tion  between  the  membranes  and  the  specimen  is  minimized  by  the  applica¬ 
tion  of  a  thin  coating  of  silicone  oil  on  the  surface  of  the  membranes.  Assum¬ 
ing  the  absence  of  friction  between  the  membrane  and  the  soil  specimen,  the 
three  pairs  of  orthogonal  stresses  can  be  assumed  to  be  the  principal  stresses. 
An  isometric  view  of  the  device  is  shown  in  Fig.  3.2. 

Linear  variable  differential  transformers  (LVI)Ts)  with  sensitivities  of  1.6 
volt/mm  were  used  to  measure  the  deformation  of  each  side  of  the  specimen. 
One  side  has  three  LVDTs  while  the  other  five  sides  have  one  each.  The 
LVDTs  are  contained  in  a  cylindrical  casing,  their  leads  are  taken  out 
through  the  end  cap  to  an  A/D  convertor,  the  DASH-8  board. 

The  cylindrical  casings  on  opposite  sides  of  the  cube  are  connected  to 
each  other  and  to  the  air  pressure  source.  Thus,  equal  pressure  is  assured  on 
the  opposite  sides  of  the  specimen.  One  of  the  two  casings  of  all  three  direc¬ 
tions  has  a  pressure  transducer  at  the  end  cap  to  measure  the  applied  pres¬ 
sure.  A  diagonal  port  was  drilled  through  the  corner  of  the  space  frame 
towards  the  center  of  the  cube  to  provide  for  pore  pressure  measurements 
using  locally  made  "needle"  piezometers  (Fig.  3.3). 

The  silicone  rubber  membranes  were  made  of  RTY  661  silicone  rubber 
compound  (General  Electric  Company)  by  a  procedure  developed  in  this 
research.  Drainage  ports  were  provided  at  two  diagonally  opposite  corners  of 
the  space  frame  to  allow  for  back  pressure  and  drainage. 

3.1.2  Slurry  Consolidometer 

A  slurry  consolidometer  made  of  plexiglass  was  constructed  for  the 
preparation  of  undisturbed  specimens  sedimented  and  consolidated  under  K„ 
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Figure  3.3  Needle  Piezometer 
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conditions.  An  isometric  view  of  the  slurry  consolidoineter  is  given  in  J-'ig.  3.4. 
To  reduce  the  consolidation  time,  drainage  is  provided  at  the  top  and  bottom 
of  the  specimen.  A  detailed  mechanical  description  of  the  consolidorneter  is 
given  in  Sivakugan  (1987). 

3.1.3  Control  Board 

The  control  board  comprises  the  servo  control  system  and  the  controls 
for  flushing,  back  pressuring,  and  saturation  of  the  specimen.  Air  pressure 
regulators,  pressure  gages,  solenoid  valves,  saturation  tank,  drainage  burette, 
and  necessary  valves  and  assorted  fittings  make  up  the  control  board. 

The  servo  control  system  was  used  in  K0  consolidation  and  strain  con¬ 
trolled  loading.  Its  salient  features  are  described  in  Sivakugan  (1987).  In  the 
servo  control  system  developed  in  this  research,  both  normally  opened  and 
normally  closed,  AC-operated  two  way  solenoid  valves  were  used.  The 
schematic  diagram  of  the  servo  control  system  is  shown  in  Fig.  3.5.  The  valves 
were  activated  or  deactivated  through  a  double-pole-double-throw  relay  out¬ 
put  accessory  board  (Model  ERB-24,  Metrabyte  Corporation).  The  relay  out¬ 
put  board  in  turn  was  operated  by  a  24  bit  parallel  digital  I/O  interface 
board  (Model  PI 0 1 2,  Metrabyte  Corporation),  which  occupies  one  of  the  five 
expansion  slots  of  an  IBM  PC.  The  24  bit  parallel  digital  I/O  interface  was 
driven  by  programs  written  in  BASIC. 

One  of  the  four  diagonal  ports  in  the  space  frame  is  allocated  for  flushing 
operations.  Two  other  diagonal  ports  provide  for  drainage  through  spaghetti 
tubing.  The  last  one  is  for  pore  pressure  measurement  using  a  needle  piezome¬ 
ter.  A  lexan  burette,  capable  of  withstanding  1500  kPa,  collects  the  drained 
water  during  consolidation  and  provides  the  air-water  interface  for  back  pres¬ 
sure  application. 
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Figure  3.4  Isometric  View  of  Slurry  Consolidometer 
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3.1.4  Data  Acquisition  System 

An  eight  channel  high  speed  A/D  convertor  and  timer-counter  interface 
(Model  DASH-8,  Metrabyte  Corporation)  was  used  for  automatic  data  acquisi¬ 
tion.  Since  there  were  more  than  eight  channels  of  measurements,  analog 
input  expansion  sub-multiplexers  (Mode!  EXP-16,  Metrabyte  Corporation) 
were  required.  An  8253  programmable  counter-timer  in  the  DASH-8  board 
provides  periodic  interrupts  for  the  A/D  convertor.  A  schematic  diagram  of 
the  hardware  interfacing  is  given  in  I'ig.  3.6.  The  software  for  data  acquisition 
was  written  in  BASIC.  All  necessary  routines  for  data  acquisition  and  control 
are  included  in  an  interactive  and  user  friendly  program  DATACQ. 

3.2  Experimental  Program  and  Test  Results 

Cuboidal  shear  specimens  were  sedimented  and  consolidated  from  a 
slurry  in  the  consolidomcter.  Then  they  were  extruded  and  reconsolidated 
hydrostatically  or  non-hydrostatically  to  a  higher  stress  level  in  the  cuboidal 
shear  device.  At  the  end  of  consolidation,  stress  paths  simulating  axial 
compression  and  lateral  compression  were  applied  under  undrained  conditions. 
All  the  tests  reported  herein  are  stress  controlled.  Therefort  po'-sibh  strain 
softening  could  not  be  observed.  Nevertheless,  tin  soils  studied  w.  r<  of  \  (  r> 
low  sensitivity,  and  thus  significant  strain  softening  effects  were  not  exp-  t  ied. 
A  brief  description  of  each  stage  of  the  testing  program,  the  experiment'-  per¬ 
formed,  test  results,  and  the  analysis  are  presented  below.  Full  details  art 
available  in  Sivakugan  (1987). 

3.2.1  Slurry  Preparation 

The  slurry  was  mixed  using  deionized  and  deaircd  water  to  a  water  con¬ 
tent  of  2  to  2.5  times  the  liquid  limit  in  a  large  batch,  sufficient  for  10  to  15 


Figure  3.6  Schematic  Diagram  of  the  Data  Acquisition  System 
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specimens,  in  a  Patterson-Kelley  dual  barrel  mixer.  During  the  last  feu 
minutes  of  mixing,  samples  for  water  content  were  taken  at  three  diflerent 
times.  They  were  found  to  vary  +  0.5%.  To  reduce  friction,  silicone  oil  was 
applied  to  the  inner  walls  of  the  consolidometer  and  the  lower  chamber  was 
lined  with  teflon.  The  porous  stones  were  boiled  in  deionized  water  to  remove 
any  entrapped  air.  Filter  papers  (102  mm  square,  Whatman  No.  1)  were  used 
on  both  porous  stones.  The  slurry  was  deaired  under  a  vacuum  of  500  mm 
mercury  for  about  6  hours,  and  was  poured  into  the  consolidometer. 

3.2.2  Slurry  Consolidation 

To  avoid  slurry  being  squeezed  out  between  the  walls  and  piston  seal,  the 
first  increment  applied  was  always  very  low,  for  example  10  to  20  kl'a.  All 
specimens  were  consolidated  to  about  170  kl’a,  applied  in  two  equal  incre¬ 
ments,  in  the  slurry  consolidometer.  The  lower  chamber  of  the  consolidometer 
was  dimensioned  such  that  the  extruded  specimen  was  exactly  102  mm  on 
each  side.  Thus  no  trimming  was  required  prior  to  insertion  into  the  cuboidal 
shear  device.  A  hydraulic  jack  with  a  102  mm  square  teflon  piston  was  used 
to  extrude  the  specimen.  The  teflon  lined  lower  chamber,  application  of  sil¬ 
icone  oil,  and  the  teflon  piston  served  to  reduce  the  friction.  The  consolidated 
cake  from  the  upper  chamber  was  used  in  oedometer  tests  to  study  the  direc¬ 
tional  variation  of  compressibility  and  consolidation  characteristics. 

3.2.3  Seating  the  Specimen  in  the  Space  Frame 

Silicone  oil  was  applied  to  the  space  frame  and  the  membranes.  1  he 
extruded  specimen  with  filter  paper  on  each  side  was  placed  at  the  center  of 
the  space  frame.  To  prevent  air  bubbles  entering  the  needle  piezometer,  the 
needle  and  the  attached  fittings  were  flushed  with  water  and  capped  by  the 


transducer  when  fully  saturated.  Then  the  needle  was  inserted  through  a 
diagonal  port  into  a  bottom  corner  of  the  specimen. 

3.2.4  Flushing  and  Back  Pressure  Saturation 

All  specimens  were  flushed  with  a  low  head  of  about  10  kl*a  at  the  air- 
water  interface  under  an  all  around  confining  pressure  of  about  2a  to  30  kl*a. 
Back  pressure  was  increased  in  increments  until  it  reached  about  4  la  kl’a. 
and  it  was  maintained  for  24  hours  before  consolidation  was  started.  The 
difference  between  the  all  around  cell  pressure  and  back  pressure  was  main¬ 
tained  at  25  to  30  kPa  throughout  the  saturation  process.  At  the  end  of 
saturation,  a  B-parameter  check  gave  values  greater  than  0.116  in  all  cases. 
The  applied  back  pressure  was  maintained  throughout  consolidation  and 
shearing. 

3.2.5  Consolidation  in  the  Cuboida!  Shear  Device 

After  ensuring  full  saturation,  the  specimen  was  consolidated  isotropi¬ 
cally  or  anisotropically  to  stresses  higher  than  during  slurry  consolidation. 
This  obscured  any  effects  of  friction  and  disturbance  encountered  previously. 
The  one  dimensional  consolidation  was  carried  out  with  servo  control.  The 
flow  chart  for  this  process  is  shown  in  Fig.  3.7. 

The  filter  paper  on  all  six  sides  of  the  specimen  allows  drainage  in  both 
the  horizontal  and  vertical  directions.  This  reduces  the  time  required  for  con¬ 
solidation.  The  deformation-time  curves  (e.g..  Fig.  3.8)  were  very  similar  in 
shape  to  those  from  oedometer  tests,  except  that  cv  is  larger  due  to  additional 
drainage  taking  place  horizontally.  For  normally  consolidated  kaolinite.  the 
average  value  of  cv  was  30x10”*  cm2/s  it)  oedometer  tests  and  60x10”*  crn2/s 
in  the  cuboidal  shear  tests. 
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Figure  3.7  Flow  Chart  for  Servo  Controlled  Kq  Consolidation 
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3.2.8  Undrained  Shear 

All  specimens  were  sheared  under  undrained  conditions  with  stress  con¬ 
trolled  loading.  The  loading  rate  was  about  15  to  20  kPa  applied  every  15 
minutes.  The  strain  rate  was  chosen  such  that  failure  occurs  in  about  3  hours. 

3.2.7  Experimental  Program 

All  tests  were  performed  on  normally  consolidated  specimens.  Two 
different  stress  paths,  axial  compression  and  lateral  compression,  were  applied 
to  isotropically  or  anisotropic-ally  consolidated  kaolinite  and  K50  specimens 
under  undrained  conditions.  Five  tests  on  K50  and  four  tests  on  kaolinite 
were  performed.  The  experimental  results  are  given  in  Table  3.1  and  3.2. 

AC  refers  to  axial  compression  tests  where  the  major  principal  stress  acts 
vertically  throughout  the  entire  test.  The  other  two  total  principal  stresses 
during  loading  remained  the  same  as  they  were  at  the  end  of  consolidation 
and  they  were  maintained  equal  throughout  the  test.  This  series  of  tests  is 
similar  to  conventional  CIUC  and  CK0UC  tests. 

LC  refers  to  lateral  compression  tests  where  the  applied  load  during 
shear  was  increased  horizontally  in  one  direction.  The  other  two  total  princi¬ 
pal  stresses  remained  the  same  as  they  were  at  the  end  of  consolidation.  This 
is  different  from  lateral  compression  tests  performed  in  triaxial  cells  where 
two  of  the  principal  stresses  are  always  equal. 

The  interpretation  of  the  cuboidal  shear  test  is  quite  simple  and  straight¬ 
forward.  The  displacements,  principal  stresses,  and  pore  pressures  are  stored 
on  diskettes  throughout  the  entire  test.  From  the  displacements  and  original 
dimensions  of  the  specimen,  the  strains  can  be  computed.  By  neglecting  the 
friction  on  the  faces,  it  can  be  assumed  that  the  normal  stresses  and  strains 


Table  3.1  Cuboidal  Shear  Test  Results  for  Kaolinite 


<4 

Test 

(kPa) 

CIUC-AC1 

259.6 

CIUC-LCl 

275.8 

CK0UC-ACl 

275.8 

CK0UC-LCl 

275.8 

4 

(deg) 


Table  3.2  Cuboidal  Shear  Test  Results  for  K50 


Test 

1 

°YC 

A 

Tf 

4 

M 

(kPa) 

Af 

I 

avc 

(deg) 

CIUC-ACl 

331.0 

1.06 

0.34 

31.9 

1.28 

CIUC-AC2 

282.7 

1.07 

0.34 

32.2 

1.30 

CIUC-LCl 

282.7 

1.11 

0.32 

32.4 

1.30 

CK0UC-AC 

235.8 

1.05 

0.32 

29.1 

1.16 

CK0UC-LC 

238.6 

0.75 

0.29 

42.9 

1.76 
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on  the  sides  of  the  specimen  are  principal  components  of  the  stress  and  strain 
tensors. 

Stress  Path  Followed  in  the  Tests 

Four  different  stress  paths,  CIUC-AC,  Cll'C-LC,  CK0UC-AC,  and 
CK0UC-LC,  were  applied  to  the  kaolin ite  and  K50  specimens.  The  isotropic  or 
anisotropic  consolidation  and  undrained  shear  were  carried  out  as  described 
before.  The  parameters  obtained  for  kaolinitc  and  K50  are  given  in  Tables  3.1 
and  3.2  respectively. 

Undrained  Strength  Anisotropy 

Undrained  strength  anisotropy  consists  of  two  major  components.  One  is 
inherent  anisotropy,  which  occurs  due  to  preferred  particle  arrangement  dur¬ 
ing  sedimentation.  Particles  are  oriented  in  such  a  way  that  their  long  axis  is 
perpendicular  to  the  major  principal  stress  during  deposition.  Therefore  the 
fabric  is  not  identical  in  all  directions.  The  other  component  is  stress  induced 
anisotropy  which  is  caused  by  the  anisotropic  state  of  stress  at  the  end  of 
consolidation.  Inherent  anisotropy  means  that  the  fabric  is  anisotropic  and 
the  soil  behaves  anisotropicallv  even  if  the  initial  stress  state  is  isotropic. 
Stress  induced  anisotropy  means  that  the  soil  behaves  anisotropicallv  depend¬ 
ing  on  the  direction  of  loading  due  to  its  initial  anisotropic  stress  state  even  if 

...  .  »  l 

the  soil  properties  such  as  c  and  <>  are  isotropic. 

To  quantify  undrained  strength  anisotropy,  several  techniques  have  been 
proposed  by  previous  researchers  (Aas,  1965;  Duncan  and  Seed,  1966:  Lo  and 
Morin,  1972;  Bor  re  and  Bjerrum,  1973;  Krishnamurthy,  et  at.,  1980;  Nakase 
and  Kamci,  1986).  In  the  experimental  program  described  herein,  the  speci¬ 
men  is  never  rotated.  The  axis  remains  vertical  during  consolidation  and 
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shear.  Anisotropy  is  measured  by  the  ratio  of  the  undrained  shear  strength  of 
a  horizontally  loaded  specimen  to  the  undrained  strength  of  a  vertically 
loaded  replicate  specimen.  The  anisotropy  with  respect  to  compressibility  and 
consolidation  characteristics  are  also  studied.  The  results  arc  given  in  Tables 
3.3  and  3.4. 

3.3  Analysis 

For  axial  compression  of  isotropically  or  Kc  consolidated  specimens,  nor¬ 
malized  undrained  shear  strength  and  o  were  considerably  greater  for  KoO 
than  kaolinite.  Skempton’s  Af  was  about  the  same  for  both  soils. 

For  kaolinite  and  K50,  the  parameters  obtained  from  CIUC-AC  and 
CIl’C-LC  tests  were  essentially  the  same  (Tables  3.1  and  3.2)  and  the  stress 
paths  followed  during  the  tests  were  similar.  Therefore,  upon  isotropic  consoli¬ 
dation,  the  direction  of  loading  did  not  have  any  impact  on  the  subsequent 
behavior  during  shear.  In  other  words,  inherent  anisotropy  of  the  soil  fabric 
was  insignificant  for  botli  soils. 

Nevertheless,  even  for  soils  which  are  isotropic  with  respect  to  the  initial 
fabric,  shear  strength  will  depend  to  a  large  extent  on  the  stress  path  followed 
during  shear.  Depending  on  where  the  effective  stress  path  intersects  the 
failure  envelope,  different  values  will  be  observed  for  shear  strength.  For 
example,  in  triaxial  compression  tests  (CIUC-AC  and  CK(,l’C-AC  tests  in 
cuboidal  shear  device),  while  both  the  total  horizontal  principal  stresses  are 
maintained  constant,  the  total  vertical  principal  stress  is  increased  to  failure. 
In  a  pressure  me  ter  test,  the  total  vertical  stress  remains  constant  while  the 
two  horizontal  principal  stresses  vary,  one  increasing  and  the  other  decreasing 
by  the  same  amount.  Even  if  the  soil  is  isotropic  and  consolidated  to  the  same 
stress  level,  the  effective  stress  paths  in  the  pressuremeter  lesl  and  triaxial 


Table  3.3  Compressibility  and  Consolidation  Characteristics 


Vertical  specimen 

Horizontal  specimen 

Soil 

ce 

cr 

cv  xlO4 

cm2/s 

Cc 

cr 

cv  xlO4 

cm2/s 

Kaolinite 

0.35 

0.054 

10-20 

0.24 

0.073 

20-40 

K50 

0.22 

0.022 

15-40 

0.19 

0.022 

15-40 

Table  3.4  Measures  of  Anisotropy 


Soil 

(Cc)h 

(Cr)n 

(cv)h 

(Cc)v 

(Cr)v 

(^v)v 

Kaolinite 

0.68 

1.35 

2.0 

K50 

0.86 

1.00 

1.00 

1.00  (C1UC) 
1.07  (CK0UC) 
0.94  (CRJC) 
0.91  (CK0UC) 
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compression  test  would  be  quite  different. 

For  both  soils,  a  significant  increase  in  d>  was  observed  for  lateral  loading 
of  one  dimensionally  consolidated  specimens  (Figs.  3.9  and  3.10).  This  indi¬ 
cates  that  the  failure  envelopes  in  the  field  would  not  be  the  same  for  horizon¬ 
tal  and  vertical  loading.  Saada  and  Bianchini  (1975)  tested  three  Kt)  consoli¬ 
dated  clays  under  different  stress  paths  in  a  hollow  cylinder  apparatus.  They 
reported  much  higher  values  for  <!•  in  extension  than  in  compression  for  all 
three  clays.  The  difference  was  as  high  as  23°  for  one  of  the  clays,  which  is  of 
the  same  order  as  in  the  case  of  kaolinite  and  K50  observed  in  the  present 
study.  In  other  words,  the  failure  envelope  is  not  unique,  and  it  depends  on 
the  direction  of  loading.  It  is  necessary  to  use  the  <:•  appropriate  to  the  load¬ 
ing  situation. 

At  the  end  of  one  dimensional  consolidation,  rrx  =  ay  —  K0  ov  Here, 

subscripts  x  and  y  refer  to  the  horizontal  directions  and  z  refers  to  the  verti¬ 

cal  direction.  During  vertical  loading  (i.  e.,  CK0UC-AC),  <t„  and  rr  remain  the 
same  as  they  were  at  the  end  of  consolidation;  is  increased  until  failure 
occurs.  The  major  principal  stress  acts  in  the  same  direction,  vertically,  dur¬ 
ing  consolidation  and  shear.  At  the  end  of  consolidation  itself  the  specimen  is 
subjected  to  a  shear  stress.  Therefore,  when  loaded  in  the  same  direction, 
very  few  increments  are  required  to  reach  failure.  During  horizontal  loading  (i. 
e.,  CK0UC-LC).  and  nt  remain  the  same  as  they  were  at  the  end  of  consoli¬ 
dation,  and  n  is  increased  until  failure  occurs.  During  the  initial  stages  of 
loading,  is  the  intermediate  principal  stress.  Upon  further  increase,  rry 

exceeds  and  thereafter  becomes  the  major  principal  stress  until  failure 

occurs.  In  this  case  rotation  of  principal  stresses  takes  place. 

The  normalized  shear  strength  was  about  the  same  for  CK0l'C— AC  and 
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Soil:  Kaollnlte 
T*at  No:  CK0UC-AC1 


Figure  3.9  Mohr  Circles  for  CK  UC-AC  and  CK  UC-LC  for  Kaolinite 
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CK0UC— LC  tests  (Tables  3.1  and  3.2).  Therefore,  for  replicate  specimens  con¬ 
solidated  to  the  same  stress  level,  the  Mohr  circles  at  failure  in  terms  of  total 
stresses  are  about  the  same.  The  total  stress  increase  (Act)  required  to  cause 
failure  is  considerably  greater  for  horizontal  loading,  mainly  due  to  principal 
stress  rotation.  A{  was  slightly  less,  but  of  the  same  order,  for  horizontal  load¬ 
ing.  Therefore,  excess  pore  pressure  at  failure  was  considerably  greater  for 
horizontal  loading.  This  shifts  the  Mohr  circle  in  terms  of  effective  stresses  for 
CK0UC— LC  tests  more  to  the  left  and  the  failure  envelope  becomes  steeper. 
The  marked  increase  in  0.  or  in  other  words  a  steeper  failure  envelope,  for 
horizontal  loading  contributes  greatly  to  the  consistent  overestimation  of 
undrained  shear  strength  in  pressurenteter  testing. 

The  compression  index  (Cc),  recompression  index  (Cr),  and  coefficient  of 
consolidation  (cv  for  normally  consolidated  specimens  in  the  stress  range  of 
200  to  700  kPa  )  of  horizontally  and  vertically  trimmed  specimens  of  kaolinite 
and  K50  given  in  Table  3.3  show  that  compressibility  and  consolidation 
parameters  appear  to  be  more  anisotropic  for  kaolinite  than  for  K50  (Table 
3.4).  In  terms  of  undrained  shear  strength,  the  anisotropy  was  less  prominent 
for  both  soils. 

3.4  Summary 

Isotropically  or  anisolropically  consolidated  specimens  were  loaded  hor¬ 
izontally  or  vertically  under  undrained  conditions  in  a  cuboidal  shear  device. 

,  i 

A  significantly  larger  0  was  observed  when  the  loading  was  horizontal  in 
direction,  which  is  the  case  in  pressuremeter  testing.  The  steeper  failure 
envelope  can  contribute  significantly  to  the  observed  overestimation  of  the 
undrained  shear  strength  in  the  pressuremeter  testing  in  clays  when  compared 
to  laboratory  test  results. 


CHAPTER  4 


INTERPRETATION  OF  PRESSUREMETER  TEST  RESULTS 

A  new  interpretation  technique  to  evaluate  stress-strain  and  strength 
relationships  from  pressuremeter  test  data  has  been  developed  in  the  research. 
It  uses  the  Simplex  curve  fitting  algorithm,  and  essentially  all  the  existing 
interpretation  methods  can  be  included  in  the  algorithm. 

4.1  Interpretation  by  Curve  Fitting: 

The  currently  available  pressuremeter  interpretation  procedures  (a 
detailed  review1  is  given  in  the  dissertation  by  Huang,  1986)  can  be  categorized 
as  either  by  derivatives  (Group  1)  or  by  curve  fitting  (Group  2).  Taking 
derivatives  from  data  points  either  numerically  or  manually,  is  subject  to 
large  scatter  (Ladd,  et  al.,  1980;  Battaglio,  et  al.,  1981).  In  order  to  minimize 
the  "noise",  some  type  of  curve  fitting  procedure  is  often  employed.  Thus  in 
this  case,  methods  of  Group  1  become  essentially  the  same  as  the  methods  in 
Group  2.  The  curve  fitting  methods  difTer  from  each  other  by  the  assumed 
function(s)  for  the  soil  a-c  relationship  and  the  techniques  used  for  curve 
fitting.  In  the  methods  by  Prevost  and  Hoeg  (1975)  and  Arnold  (1980).  a  sin¬ 
gle  continuous  function  is  assumed  for  the  o- c  relationship,  and  curve  fitting 
can  be  performed  with  a  conventional  least-squares  algorithm.  However,  in 

|  the  Gibson  and  Anderson  (1961)  and  Dcnby  (1978)  procedures,  two  different 

1 

!  o-t  functions  are  used  for  the  pre-  and  post-peak  strain  data  points.  The 

i 

least-squares  algorithm  is  not  well  suited  for  these  procedures.  This  is  prob¬ 
ably  one  of  the  reasons  these  authors  suggest  that  manual  graphical  curve 

f 

t 

» 


62 


fitting  techniques  be  used,  even  though  such  procedures  are  time  consuming 
and  rather  operator  dependent.  The  purpose  of  all  the  methods  is  to  derive 
soil  a- f  and  strength  parameters  from  the  predicted  cavity  expansion  curve 
which  best  fits  the  data  points.  If  a  "universal1'  numerical  algorithm  could  be 
used,  then  ail  the  existing  interpretation  methods  would  differ  only  by  the 
assumptions  made  for  the  soil  a-c  behavior,  e.g.  elasto-plastic,  hyperbolic,  etc. 
Errors  and  problems  associated  with  the  differences  in  curve  fitting  techniques 
would  thus  be  eliminated.  The  Simplex  algorithm  is  proposed  herein  as  the 
curve  fitting  algorithm  for  this  purpose. 

4.2  Curve  Fitting  by  The  Simplex  Algorithm: 

The  Simplex  algorithm  has  been  used  extensively  as  an  optimization  tool 
in  linear  programming  (Kreko,  1968).  Caeeci  and  Cacheris  ( 1 98 1 )  described 
the  application  of  the  Simplex  algorithm  to  curve  fitting.  Consider  a  set  of  N 
data  points  (x,,  y,)  to  be  fitted  by  a  series  of  functions  f,(x)  as  shown  in  Fig. 
4.1.  The  coefficients  of  the  functions  and  the  x  values  where  the  functions 
f,(x)  and  fl  +  ,(x)  intersect  are  the  variables  to  be  optimized.  The  purpose  of 
the  optimization  is  to  determine  a  set  of  variables  which  correspond  to  the 
lowest  sum  of  the  squares  of  residuals,  SSR,  defined  as: 

SSH  =  VW.tf, (x,)— y,)2  +  V  W'XMx.J-y,)2  +  •  •  • 

1-1  l=D  ,+  1 

+  •••  £  W.ftW-y,)2  (4.1) 

1=11,  ,+  i 

where  the  W,s  are  weighting  factors  (optional),  and  N  is  the  total  number  of 
data  points. 
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The  basic  concept  is  to  consider  each  set  of  M  variables  as  a  vector  in  a 
space  of  dimension  M  (M  is  the  total  number  of  variables  to  be  optimized,  i.e. 
coefficients  of  the  functions  and  the  x  values  as  stated  above).  The  vector  is 
called  a  vertex  and  a  Simplex  is  a  geometrical  figure  which  consists  of  M  -f  1 
vertexes.  For  example,  if  a  set  of  data  points  is  to  be  fitted  to  a  hyperbolic 
function: 


y  = 


bx 

a  +  x 


(4.2) 


The  coefficients  a  and  b  must  be  optimized.  The  total  number  of  variables  to 
be  optimized  is  2  (M  =  2)  and  the  Simplex  is  a  triangle  (M  +  1  =  3)  in  a  two 
dimensional  space  (Fig.  4.2).  The  optimization  starts  by  arbitrarily  assigning 
values  to  the  M  -f-  1  vertexes.  To  reach  the  lowest  SSR,  the  Simplex  is  moved 
according  to  the  following  rules:  (l)  Find  the  vertexes  with  the  highest 
(worst)  and  lowest  (best)  SSR;  and  (2)  Replace  the  worst  vertex  by  another 
one  determined  according  to  one  of  four  mechanisms:  reflection,  expansion, 
contraction,  and  shrinkage  (Figure  4.2).  Details  on  these  rules  are  given  else¬ 
where  (Huang,  Chameau  and  Holtz,  198G). 

In  the  interpretation  of  PMT  results  when  using  curve  fitting  methods, 
the  general  procedure  is  to  express  the  assumed  cr-t  relationship  as  a  function 
(or  a  set  of  functions): 


K  -  no)  =  r,(fr)  for  0  i-  fr  <  e, 


(4.3) 


K  ~  no)  =  f,,r  <«,  I  <  (r  <  (D 
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Then  Eq.  4.3  is  integrated  to  satisfy  the  boundary  conditions  and  obtain  a 
function  (or  a  series  of  functions)  of  probe  pressure  Pr  versus  radial  strain  at 
the  probe  boundary,  £ro: 


pr  =  MO  for  0  <  £ro  <  £j 


Pr  =  fn(fro)  for  fn-l  <  <ro  <  fL 


(4.4) 


The  interpretation  of  PMT  data  can  then  be  performed  by  curve  fitting  Eq. 
4.4  to  the  data  points.  The  best  vertex  at  the  end  of  the  Simplex  optimiza¬ 
tion  yields  the  coefficients  of  Eqs.  4.3  and  4.4.  The  specific  functions  and 
parameters  to  be  optimized  depend  only  on  the  choice  of  the  rr-t  relationship. 
These  functions  and  parameters  are  listed  in  Table  4.1  for  four  common 
interpretation  techniques. 

A  program  called  HSIMPLE  was  written  on  a  personal  computer  to  per¬ 
form  the  Simplex  optimization.  The  user  can  select  any  or  all  of  the  four 
methods  in  Table  4.1  to  interpret  pressuremeter  data  using  the  Simplex 
optimization.  Other  o-t  functions,  such  as  Ramberg-Osgood  (Dcsai  and  Chris¬ 
tian,  1977)  can  also  be  included  in  the  program. 

Fig.  4.3  shows  the  data  points  and  the  probe  expansion  curves  plotted 
using  the  functions  determined  by  HSIMPLE  for  test  CP12  of  our  experimen¬ 
tal  program.  Also  shown  in  Fig.  4.3  are  the  plots  of  principal  stress  difference 
(<7f  —  nfl)  versus  radial  strain.  Table  4.2  shows  the  various  parameters 
obtained  for  test  CP12.  Except  for  Arnold’s  (1981)  method,  the  derived 
undrained  shear  strengths  agreed  within  6%.  The  standard  deviations  shown 
in  Table  4.2  indicate  how  close  the  curve  fitting  is.  They  range  from  2.42  to 


difference.  kPa  Probe  Pressure’  kPo 


Table  4.1  Functions  and  parameters  to  be  optimized. 
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Method 

Preuurcaoclcr  functions 

Soil  e-f  fu  actio  ni 

Parameter!  to  be 
optimized 

Arnold  (1981) 

P-Q  +  — ^2- 

•  * 

2 abt, 

*'  **  "  (a  +  t,)1 

<2.0.6 

Dcnby  (1978) 

K  -  ^  1"  (•  ♦  7  2Ci«hi)  +  *1 

‘“"‘'•‘w.'-e, 

2r, 

*'  '*  “  1/2G,  +  (Rf/r  Jtr 

C|.  *!.*..*» 

for  >  — — s__ 

2G/(l  -  A,) 

2t. 

Prevent  A  Hoeg 
(197$)  (drain 
•o(lcning) 

2o  +  i 

o,  fc.  c,  0, 

*’  “  •»  +  aue)"*  [c1  1  (l  +  “  ) 

+  2lan'V',l)J 

2 

*  “  j71  *•« 

*'  "*  “  3*'*  1  + 

.  2 
*  *  ji/i  *» 

Prevent  A  Hoeg 
(197$)  (drain 
hardening) 

^  +  3^  ln 

2  i 

J1'*  d  +  i 

Gibaon  A 

Andcnon  (1961) 

A  «  «.  ♦  2GIf0 
for  0  ( irt  (  r./2G 

e,  -a,  -44,0 
for  0  <  t,  (  xJ2C 

C.  »..*» 

,  rc  2rrt  +  iH)n 

''-•‘  +  T-  +  t-taU  u  +  w>J 

for  >  ry2G 

2t. 

for  *,  >  xJlC 

Table  4.2  Parameters  Derived  from  Test  CP12. 


METHOD 

gpmt 

(kPa) 

G, 

(kPa) 

frf 

% 

STANDARD  DEVIATION 
(kPa) 

ARNOLD 

73 

10340 

1.40 

5.0 

DENBY 

58 

14250 

0.53 

2.4 

GIBSON  AND 
ANDERSON 

61 

9300 

0.33 

2.6 

PREVOST1*1  ™ 
AND  HOEG 

62 

13600 

0.78 

2.5 

(a)  strain 

softening  function 

- 
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4.98  kPa  with  the  worst  value  corresponding  to  Arnold’s  method.  With  a 
total  pressure  range  on  the  order  of  300  kPa  in  this  particular  test,  these 
standard  deviations  represent  a  possible  error  of  0.8%  to  1.7%  in  the  curve 
fitting.  However,  it  should  be  kept  in  mind  that  the  closeness  of  curve  fitting 
for  different  methods  may  vary  from  test  to  test  depending  on  how  well  the 
assumed  o-t  relationship  agrees  with  the  in  situ  soil  behavior. 

The  Simplex  algorithm  can  provide  an  objective  means  for  identifying  the 
most  appropriate  interpretation  technique  for  a  particular  test.  The  fitted 
curve  can  be  selected  which  gives  the  minimum  standard  deviation.  For  the 
example  in  Fig.  4.3,  Denby’s  (1978)  method  appears  to  be  the  most  appropri¬ 
ate  one  with  a  standard  deviation  of  2.42  kPa,  but  for  this  particular  test  the 
Gibson  and  Anderson  (1961)  and  Prevost  and  Hoeg  (1975)  methods  are  also 
very  good. 

All  chamber  pressuremeter  test  results  presented  in  this  report  were 
interpreted  using  HSIMPLE.  The  technique  can  be  adopted  with  minor 
modification  for  tests  performed  in  situ.  The  differences  between  the  results 
from  HSIMPLE  are  entirely  due  to  the  (ar  —  rrt)  relationships  assumed  in  the 
method  selected.  Systematic  errors  which  may  be  caused  by  different  curve 
fitting  techniques  are  therefore  eliminated.  Any  interpretation  technique  can 
be  incorporated  within  this  scheme.  For  example  the  modification  to  tin 
Prevost-Hoeg  method  described  in  the  next  chapter  will  be  added  to  tin  pro¬ 
gram  in  the  future. 
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CHAPTER  6 


EFFECT  OF  DISTURBANCE 


6.1  Introduction 

During  the  boring  process  prior  to  a  pressu remoter  test,  an  annulus  of 
soil  around  the  borehole  is  softened,  the  strength  of  the  soil  in  this  annulus  is 
reduced,  and  initial  unloading  of  the  soil  may  occur.  The  degree  of  softening 
depends  on  the  sensitivity  of  the  soil.  The  paradoxical  effect  of  the  presence 
of  such  a  softened  soil  is  to  predict  from  the  prcssuremeter  expansion  curve 
an  undrained  strength  larger  than  actually  exists  in  situ  (Baguelin,  et  al. 
1978). 

In  this  research,  parametric  studies  were  performed  to  evaluate  the  effect 
of  a  disturbed  annulus,  including  initial  unloading,  in  more  detail.  These  stu¬ 
dies  were  based  on:  (l)  an  analytical  technique  to  predict  pressuremeter 
expansion  curves  based  on  the  strain  path  method  and  an  anisotropic  elastic- 
plastic  soil  model;  and  (2)  a  fitting  technique  to  determine  stress-strain  curves 
from  pressuremeter  expansion  curves.  These  two  techniques  arc  summarized 
first  and  their  validity  assessed  from  experimental  results.  Then,  the  results  of 
the  parametric  studies  are  described.  Experimental  work  which  shows  the 
potential  of  pore  size  distribution  to  determine  the  extent  of  disturbance  is 
also  presented. 

6.2  Prediction  of  Pressuremeter  Expansion  Curve 

It  is  assumed  that  the  pressuremeter  is  very  long  so  that  the  expansion 
takes  place  under  axisyrnmetric,  plane  strain  conditions.  The  cavity  expansion 


problem  can  be  solved  analytically  if  the  soil  is  assumed  to  be  elast  ic -perfectly 
plastic  (Gibson  and  Anderson,  1961).  However,  when  more  sophisticated  con¬ 
stitutive  models  are  used  to  represent  the  soil  behavior,  numerical  methods 
arc  required  (e.g.  Carter,  et  ah,  1979).  In  this  research,  the  Prevost  model 
(1978)  was  chosen  to  represent  the  soil  behavior. 

The  pressuremeter  expansion  curve  is  usually  expressed  as  a  relationship 
between  the  radial  stress  and  the  radial  strain  at  the  cavity  boundary.  If  the 
constitutive  model  representing  the  soil  behavior  is  known,  then  it  is  possible 
to  calculate  the  strains  knowing  the  applied  stresses,  and  vice  versa.  Since  the 
expansion  of  the  pressuremeter  is  assumed  to  take  place  under  axisymmetric. 
plane  strain  conditions,  the  strain  field  around  the  pressuremeter  is  fullv 
defined  in  terms  of  the  radial  strain  at  the  cavity  wall.  Therefore,  it  is  con¬ 
venient  to  calculate  the  stresses  using  the  known  strains.  The  following  steps 
describe  the  method  (Baligh,  1985)  used  to  calculate  the  radial  stress  at  the 
cavity  boundary: 

1.  Calculate  the  incremental  strains  at  selected  points  along  a  radial  line; 

2.  Estimate  initial  stresses; 

3.  Compute  the  deviatoric  stresses  using  a  constitutive  model; 

4.  Compute  the  total  stresses  from  equilibrium  conditions. 

The  four  steps  of  the  strain  path  method  described  above  were  incor¬ 
porated  into  a  computer  program  to  analyze  the  expansion  of  a  cylindrical 
cavity  with  a  thin  remolded  annulus  around  it.  A  detailed  description  of  the 
features  of  the  program  can  be  found  in  Prapaharan  (1987). 

The  constitutive  model  (Prevost,  1978)  used  in  this  study  can  describe 
the  anisotropic,  elastic-plastic,  path  dependent,  stress-strain  behavior  of  clavs 
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under  undrained  conditions.  The  model  combines  properties  of  isotropic  and 
kinematic  plasticity  by  introducing  the  concept  of  a  field  of  plastic  moduli 
which  is  defined  in  stress  space  by  the  relative  configuration  of  yield  surfaces. 
For  any  loading  history,  the  instantaneous  configuration  is  determined  by  cal¬ 
culating  the  translation  and  contraction  (or  expansion)  of  each  yield  surface. 
The  model  parameters  required  to  characterize  the  behavior  of  any  given  clay 
can  be  derived  entirely  from  conventional  triaxial  compression  and  extension 
test  results.  A  detailed  description  of  the  model  and  the  derivation  of  model 
parameters  were  given  by  Prapaharan  (1987). 


5.3  Determination  of  Stress-Strain  Curve  from  Expansion  Curve 

The  basic  equation  used  in  the  interpretation  method  was  derived 
independently  by  Daguelin,  et  al.  (1972),  Ladanyi  (1972),  and  Palmer  (1972). 
and  is  given  by: 

7  =  “  ((l  ■+  f)(2  +  0  “T-  (5-]) 

l  dt 

where,  r  =  shear  stress 

t  =  circumferential  strain  at  the  cavity  boundary 
P  =  pressure  at  strain,  ( 

For  small  strains  Eq.  5.1  can  be  reduced  to: 


dl' 


(o.2) 


Tin  stress-strain  curve  can  be  derived  using  Eq.  5.1  if  the  slope  of  the 
pressuremeter  expansion  curve  (dP/dr)  is  known.  In  the  past,  attempts  to  cal¬ 
culate  the  slope  graphically  produced  considerable  scatter  in  the  derived 
stress-strain  curve.  As  a  result,  efforts  were  made  to  fit  the  pressuremeter 
expansion  curve  with  curve  fitting  functions.  Among  the  curve  fitting  equa¬ 
tions  which  were  considered  (Prapaharan.  19S7)  the  modified  Prevost-lloeg 
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equation  (Ladd,  et  al.,  1980)  was  the  most  promising  since  it  can  closely  fit  a 
curve  and  has  a  theoretical  background.  Nevertheless,  it  was  found  that  it 
does  not  fit  theoretical  pressuremeter  expansion  curves  with  sufficient  accu¬ 
racy.  Thus,  we  improved  the  Prevost-Hoeg  equation  to  obtain  a  better  fit  for 
the  theoretical  pressuremeter  expansion  curves  used  in  this  study.  The  follow¬ 
ing  equation  is  proposed: 

P  -  P0  =  A  In ( 1  -f  f2)  +  B(tai r‘(f  +  if-  tan"  'f")  (5.3) 


The  corresponding  stress-stress  strain  relationship  is: 


Tr  -  ~  0  +  OO*  +  0 


2A< 


r  \"  I 


1  +  f' 


+ 


ii  H-  (■  ±  Qf' 

1  +  (t  +  f)2" 


(5-4) 


where,  (  is  a  small  number.  A  value  of  0.01  can  be  used  for  f  to  obtain  an  ini¬ 
tial  modulus  comparable  to  those  obtained  with  other  curve  fitting  methods. 
Exclusion  of  l  in  the  above  equation  results  in  infinitely  large  initial  modulus. 
However,  it  is  not  desirable  to  use  the  initial  modulus  obtained  by  curve 
fitting  methods  for  practical  applications,  as  it  is  very  sensitive  to  the  type  of 
equations  used. 


Evaluation  of  the  Proposed  Curve  Fitting  Equation  —  The  pro¬ 
posed  curve  fitting  equation  was  evaluated  by  comparing  the  stress-strain 
curve  derived  using  the  equation  with  that  obtained  by  the  graphical  method 
(numerical  subtangcnl  method)  and  the  modified  Prevost-lloeg  equation. 
Figs.  5.1  and  5.2  show  that  the  proposed  equation  describes  closely  the  stress- 
strain  curve  obtained  by  the  numerical  sub-tangent  method  whereas  the 
modified  Prevost-Hoeg  equation  fails  to  predict  the  correct  stress-strain  curve. 
The  Prevost-Hoeg  equation  tends  to  give  a  flat  post-peak  response  after  a 

\ 

|  sharp  pre-peak  rise,  and  also  the  curve  bends  upwards  al  large  strains  if  la). 


DEVIRT0R  STRESS  (KPR) 


180.0- 


Figure  5.1  Comparison  of  stress-strain  curves  obtained 

by  curve  fitting  the  theoretical  pressuremeter 
curves  for  100X  kaolin  soil 
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RADIAL  STRAIN  (%) 


gure  5.2  Comparison  of  stress-strain  curves  obtained 

by  curve  fitting  the  theoretical  pressuremeter 
curves  for  50:50  mixture  of  kaolin  and  silt 
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5.1  is  used  instead  of  Eq.  5.2. 

5.4  Comparison  to  Experimental  Results 

The  model  described  above  was  evaluated  by  comparing  the  predicted 
pressuremeter  expansion  curves  with  that  obtained  experimentally  using  a 
scale  mode!  pressuremeter  in  a  calibration  chamber  (see  Chapter  2  in  this 
report).  Fig.  5.3  compares  the  pressuremeter  expansion  curves  obtained 
experimentally  and  that  predicted  theoretically  for  50:50  mix  of  kaolin  and 
silt.  The  stress-strain  curve  derived  from  the  pressuremeter  expansion  curve 
is  shown  in  Fig.  5.4.  The  stress-strain  curves  were  obtained  by  the  proposed 
curve  fitting  technique  (Eqs.  5.3  and  5.4). 

The  model  predicts  the  pressuremeter  expansion  curve  and  stress-strain 
curve  reasonably  well.  The  difference  between  the  experimental  results  and 
the  theoretical  prediction  is  attributed  to  the  following  reasons,  other  than 
the  assumptions  made  in  the  model  itself: 

—  The  inability  to  obtain  the  same  Kc  value  in  triaxial  and  calibration 
chamber  tests. 

—  The  presence  of  shear  stress  on  the  pressuremeter  membrane  due  to  the 
consolidation  of  soil  around  it. 

Considering  the  above  limitations,  it  is  believed  that  the  proposed  model 
is  reasonable  enough  to  generate  typical  pressuremeter  expansion  curves,  and 
thus  to  study  the  effect  of  disturbance  on  pressuremeter  test  results. 

6.6  Disturbance  Effects  --  Parametric  Study 

The  method  described  in  the  previous  sections  was  used  to  analyze  the 
effect  of  disturbance  on  the  magnitude  of  the  undrained  strength  derived  from 
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Figure  5.3  Comparison  of  experimental  and  predicted 

pressuremeter  expansion  curves  for  50:50  mixture 
of  kaol in  and  si  1 1 
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Figure  5.4  Comparison  of  experimental  and  predicted 
stress-strain  curves  for  50:50  mixture  of 
kaol in  and  silt 
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prcssuremetcr  tests.  The  thickness  of  the  disturbed  annulus  was  estimated  by 
pore  size  distribution  studies,  and  a  hypothesis  is  presented  to  explain  the 
effect  of  disturbance  on  undrained  strength  and  modulus. 

Thickness  of  the  Disturbed  Annulus  —  An  attempt  was  made  to 
evaluate  the  use  of  pore  size  distribution  studies  to  determine  the  extent  of 
the  disturbed  annulus.  The  measurement  of  pore  size  allows  one  to  obtain  a 
quantitative  measure  of  the  fabric  of  soils.  The  fabric  is  likely  to  be  different 
between  disturbed  and  intact  soil.  So  by  comparing  fabric,  the  thickness  of 
the  disturbed  zone  can  be  estimated. 

A  10  cm  cube  block  sample  was  obtained  by  isotropically  consolidating 
kaolin  in  a  true  triaxial  device  (see  Chapter  3  in  this  report).  After  consolida¬ 
tion,  the  applied  stresses  were  released,  the  sample  was  removed  from  the 
apparatus  and  placed  on  a  flat  surface.  A  thin-walled  stainless  steel  tube 
(37.7  mm  dia.)  was  inserted  about  25  mm  into  the  sample  and  rotated  5  times 
to  induce  disturbance  in  the  soil.  Then,  a  wire  cutter  was  used  to  cut  6  mm 
thick  specimens  from  the  soil  surrounding  the  tube  along  the  radial  directions 
for  pore  size  distribution  studies.  The  upper  dissected  portion  of  the  sample 
was  then  trimmed  off,  and  the  tube  was  pushed  in  another  25  mm  and 
rotated  15  times  to  cause  more  severe  disturbance.  Once  again  6  mm  thick 
specimens  were  cut  along  radial  directions. 

Tiu  specimens  cut  from  the  block  sample  were  then  labeled  and  freeze 
dried  for  pore  size  measurements.  A  detailed  description  of  the  freeze  drying 
method  and  of  the  mercury  intrusion  techniqu''  used  to  find  the  pore  size  dis¬ 
tribution  of  the  specimen  have  been  presented  by  l’rapaharan  (1982). 

The  data  from  mercury  porosimetry  is  presented  in  the  form  of  curnula- 
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distribution  curves,  the  pore  size  distribution  data  are  normally  expressed  in 
terms  of  the  cumulative  volume  of  the  pore  space  intruded  as  a  function  of 
pore  diameter.  At  a  given  diameter  the  volume  intruded  is  normalized  to 
10t)rc  of  the  total  pore  volume  and  plotted  against  the  logarithm  of  diameter. 
The  differential  distribution  curves  are  obtained  by  plotting  the  derivative  of 
the  cumulative  distribution  curve  against  the  pore  diameter. 

Figs.  5.5  through  5.8  show  the  cumulative  and  differential  pore  size  distri¬ 
bution  curves  for  varying  amounts  of  induced  disturbance.  The  differential 
distribution  curves  exhibit  single  modal  characteristic.  The  effect  of  distur¬ 
bance  is  clearly  seen  in  Fig.  5.8;  the  magnitude  of  the  peak  decreases  and  the 
associated  pore  diameter  increases  with  the  distance  from  the  tube  wall.  This 
trend  is  reasonable  since,  in  other  studies,  disturbance  was  shown  to  decrease 
the  number  of  voids.  The  degree  of  disturbance  caused  by  the  rotation  of  the 
tube  decreases  with  distance  from  the  tube  wall.  Comparison  of  Figs.  5.0  and 
5.8  shows  that  the  five  rotations  of  the  steel  tube  were  not  sufficient  to  create 
any  significant  disturbance,  since  the  porosity  density  functions  are  essentially 
unchanged. 

Pore  size  distribution  studies  have  the  potential  to  provide  estimates  of 
the  thickness  of  the  disturbed  annulus.  For  example,  Fig.  5.8  indicates  that 
the  disturbed  annulus  could  be  more  than  Glffc  of  the  radius  of  the  cavity.  It 
is  not  possible  to  compare  the  thickness  of  the  disturbed  zone  in  the  field  to 
that  obtained  in  this  study  as  the  fabric,  kind,  and  amount  of  disturbance  are 
different  in  both  cases.  However,  it  has  been  demonstrated  that  pore  size  dis¬ 
tribution  studies  can  be  used  as  a  tool  to  estimate  the  thickness  of  the  dis¬ 
turbed  zone.  'I'he  degree  of  disturbance  is  difficult  to  establish  at  present.  The 
previous  studies  conducted  at  Purdue  l -diversity  (e.g.,  White,  1!)S();  Altschnefll 
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Figure  5.5  Cumulative  pore  size  distribution  curves  for 
specimens  associated  with  5  rotations  of  the 
disturbing  tube 
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Figure  5.6  Differential  pore  size  distribution  curves  for 
specimens  associated  with  5  rotations  of  the 
disturbing  tube 
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and  Lovell,  1983)  have  shown  that  compaction  variables  can  be  correlated 
with  pore  size  descriptors  and  strength  parameters.  Therefore,  it  is  possible  to 
correlate  pore  size  descriptors  with  strength  parameters.  If  further  research 
can  establish  such  a  relationship,  then  it  will  be  possible  to  predict  the 
strength  and  modulus  of  the  soil  in  the  disturbed  annulus. 

Parameters  for  Parametric  Analysis  —  Two  different  soils  were  used 
in  the  parametric  study,  a)  100%  Kaolin,  and  b)  Boston  Blue  Clay.  The  triax- 
ial  compression  and  extension  curves  for  K0-consolidated  Kaolin  were 
obtained  by  Huang  (1980)  and  were  presented  in  Chapter  2  of  this  report.  The 
stress-strain  curves  for  rcsedimented  K0-consolidated  Boston  Blue  Clay  were 
obtained  by  Ladd  and  Varallyay  (1965).  The  stress-strain  curves  for  both  soils 
are  shown  in  Figs.  5.9  and  5.10. 

It  is  difficult  to  obtain  the  stress-strain  curves  for  the  disturbed  soil 
experimentally,  as  the  kind  and  amount  of  disturbance  caused  by  the  pres- 
suremetcr  installation  is  not  known.  However,  it  is  known  that  disturbance 
reduces  the  peak  strength  and  increases  the  failure  strain  for  brittle  soils.  For 
ductile  soils,  the  stress-strain  curve  for  the  disturbed  soil  falls  under  that  for 
undisturbed  soils.  The  tangent  modulus  is  reduced  considerably  for  both  soil 
types  regardless  of  the  sensitivity  (Hroms,  1980).  The  stress-strain  curves  for 
the  disturbed  soils  used  in  this  study  (Figs.  5.9  and  5.10)  were  selected  based 
on  the  above  observations.  Since  the  peak  strength  of  the  soil  decreases  with 
disturbance,  it  was  chosen  as  low  as  possible  in  order  to  produce  a  large  error 
in  the  undrained  strength  derived  from  the  pressuremeter  expansion  curve. 
The  effect  of  disturbance  on  extension  test  results  is  not  known.  It  was 
decided  to  use  a  stress-strain  curve  that  falls  well  under  that  for  undisturbed 
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Figure  5.9  Triaxial  stress-strain  curves  for 
100X  kaolin  soil 
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The  model  parameters  required  to  predict  the  pressuremeter  expansion 
curves  were  derived  from  the  triaxial  compression  and  extension  curves  for  the 
intact  and  remolded  soils. 

Results  and  Discussion  —  The  pressuremeter  expansion  curves 
predicted  for  kaolin  with  different  thicknesses  of  disturbed  zone  are  shown  in 
Fig.  5.11.  The  stress-strain  curves  derived  from  the  pressuremeter  expansion 
curves  shown  in  Fig.  5.11  are  given  in  Fig.  5.12.  The  predicted  undrained 
strength  increases  with  the  thickness  of  the  disturbed  zone.  The  results  for 
Boston  Blue  Clay  show  trends  similar  to  those  observed  for  kaolin  (Figs.  5.13 
and  5.14). 

The  error  in  undrained  strength  and  modulus  due  to  the  presence  of  a 
disturbed  annulus  is  plotted  against  the  thickness  of  the  annulus  in  Fig.  5.15 
and  5.16  for  both  soils.  The  error  is  calculated  with  reference  to  the  strength 
and  modulus  values  obtained  for  undisturbed  soil.  The  modulus  used  in  this 
parametric  study  is  the  secant  modulus  at  50%  of  the  peak  stress  level  (i.e. 
Gso).  If  the  thickness  of  the  disturbed  annulus  is  half  the  radius  of  the  cav¬ 
ity,  then  the  undrained  strength  will  be  overestimated  by  11-15%,  and  the 
modulus  will  be  underestimated  by  40%.  It  should  be  remembered  that  the 
reference  strength  used  to  calculate  the  error  is  the  undrained  strength 
derived  from  the  pressuremeter  expansion  curve  obtained  for  soils  with  no  dis¬ 
turbed  zone. 


For  Boston  Blue  Clay,  Fig.  5.J7  (Ladd,  et  ah,  1980)  shows  that  the 
undrained  strength  obtained  from  selfboring  pressuremeter  tests  exceeds  the 
SHANSEP  peak  CU(V)  by  as  much  as  100%  and  does  not  lie  between  tin 
SHANSEP  curves  except  at  rather  shallow  test  elevations.  It  is  therefore 
apparent  from  results  given  in  Fig''.  5.11  to  5.16.  t  hat  the  presence  of  a  db- 
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5.11  Predicted  pressuremeter  curves  for  kaolin  wif 
different  disturbed  annuli 
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5.13  Predicted  pressuremeter  curves  for  resedimented 
Boston  Blue  Clay  with  different  disturbed  annuli 
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Figure  5.14  Derived  stress-strain  curves  for  Boston  Blue 
Clay  with  different  disturbed  annuli 
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THICKNESS  OF  DISTURBED  ZONE/RADIUS  OF  CAVITY 


gure  5.15  Error  in  predicted  undrained  strength  vs  Thickness 
of  the  disturbed  annulus 
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Figure  5.16  Error  in  modulus  vs  thickness  of  the  disturbed 
annul  us 
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Figure  5.17  Elastic-plastic  and  derived  undrained  shear 

strengths  from  camkometer  tests  in  Boston  Blue 
Clay  (after  Ladd  et  al . ,  1980) 


turbed  annulus  alone  could  not  have  resulted  in  such  a  large  error.  The  other 
possible  factors  which  could  significantly  influence  the  results  are  strain  rate, 
partial  drainage,  and  initial  unloading  of  the  soil.  The  effect  of  strain  rate 
and  partial  drainage  on  undrained  strength  is  discussed  in  Chapter  6,  where  it 
is  shown  that  the  error  due  to  strain  rate  effects  could  not  be  more  than  15%, 
and  that  the  pressuremeter  curve  and  hence  the  derived  undrained  strength  is 
not  affected  significantly  by  partial  drainage.  Thus,  it  can  be  concluded  that 
initial  unloading  must  be  the  critical  effect. 

The  amount  of  the  initial  unloading  is  difficult  to  estimate  as  it  depends 
on  the  sensitivity  of  the  soil,  the  cutter  position  in  the  cutting  shoe,  the  cut¬ 
ting  rate,  and  the  size  of  the  cutting  shoe  relative  to  the  probe  membrane.  It 
is  difficult  to  show  experimentally  that  initial  unloading  takes  place  during  a 
self  boring  pressuremeter  test.  A  close  examination  of  the  results  reported  in 
the  literature  reveals  that  the  pressuremeter  tests  in  highly  anisotropic  and 
strain  softening  soils  yield  undrained  strengths  considerably  larger  than  the 
reference  strengths  (Prapaharan,  1987).  The  following  hypothesis  is  proposed 
to  explain  the  high  strengths  obtained  with  the  self  boring  pressuremeter  in 
these  soils. 

During  the  self  boring  process,  the  lateral  stress  in  the  soil  element  close 
to  the  cutter  shoe  is  reduced.  If  the  resulting  deformation  exceeds  the  peak 
failure  strain  then  plastic  flow  will  occur.  The  soil  that  flows  into  the  cutter 
shoe  will  be  removed  by  the  water  circulating  through  the  probe.  This 
scenario  results  in  unloading  of  the  soil  at  the  cavity  face  thus  reducing  the 
lateral  earth  pressure.  Furthermore,  only  a  very  small  movement  is  necessary 
to  cause  1%  strain  in  the  element  close  to  the  probe  (e.g.  0.4mm  for  8cm  dia. 
probe).  It  has  been  reported  that  a  20%  reduction  in  lateral  earth  pressure 
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results  in  overestimation  of  undrained  strength  by  60-100%  (Benoit  and 
Clough,  1986). 

The  effect  of  initial  unloading  on  the  pressuremeter  test  results  can  bo 
studied  theoretically  using  the  method  described  earlier  in  this  chapter.  Fig. 
5.18  shows  the  pressuremeter  curves  for  kaolin  for  initial  unloading  and  subse¬ 
quent  reloading,  and  Fig.  5.19  gives  the  respective  stress-strain  curves  derived 
from  the  pressuremeter  curves  in  Fig.  5.18,  assuming  the  unloaded  state  as 
the  initial  state.  The  undrained  strength  increases  with  the  amount  of  initial 
unloading.  Similar  curves  were  obtained  for  Boston  Blue  Clay,  and  for  vari¬ 
ous  thicknesses  of  disturbed  annulus  (Prapaharan,  1987). 

The  average  values  of  error  induced  in  the  undrained  strength  and  the 
modulus  for  both  soils  due  to  initial  unloading  are  plotted  versus  the  thick¬ 
ness  of  the  remolded  annulus  for  various  amounts  of  initial  unloading  in  Figs. 
5.20  and  5.21.  These  figures  clearly  illustrate  the  relative  effects  of  initial 
unloading  and  disturbance  on  both  strength  and  modulus.  For  small  amounts 
of  initial  unloading  (i.e.  initial  strain  less  than  0.1  to  0.2%),  the  remolded 
annulus  has  the  strongest  influence  on  strength  estimates,  however  the  error 
in  undrained  strength  will  be  less  than  20%.  For  large  amount  of  unloading, 
the  initial  strain  due  to  unloading  overwhelms  the  effect  of  the  remolded 
annulus,  and  the  undrained  strength  can  be  overestimated  by  as  much  as 
100%  for  an  initial  strain  of  1%.  The  modulus,  however,  is  affected  by  the 
size  of  the  disturbed  annulus  as  well  as  the  amount  of  initial  unloading,  and 
can  be  under  estimated  by  as  much  as  40%. 

Prevost  (1979)  suggested  a  method  to  correct  the  field  pressuremeter 
curve  for  initial  unloading  if  the  amount  of  initial  unloading  of  the  borehole  is 
known.  However,  it  is  not  possible  in  practice  to  know  the  amount  of  initial 
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5.18  Predicted  pressuremeter  curves  for  kaolin  for 
initial  unloading  and  reloading:  no  disturbed 
annulus 
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Figure  5.19  Predicted  stress-strain  curves  for  kaolin 
no  disturbed  annulus 
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unloading  and  also  it  will  bo  different  for  diflorent  soils.  Furthermore,  tin 
effect  of  stress  relaxation  also  will  have  to  be  taken  into  consideration.  It 
appears  that  without  fully  understanding  the  influence  of  all  tin  factors 
involved  in  the  interpretation  of  test  results,  it  may  not  be  possible  to  use  the 
current  interpretation  procedures  for  highly  strain  softening  soils.  At  present, 
it  may  be  worthwhile  to  simply  use  an  interpretation  procedure  based  on  limit 
pressure  (Baguelin.  et  al.,  1878). 

5.6  Conclusions 

It  has  been  shown  that  pore  size  distribution  analyses  can  provhh  lh< 
means  to  estimate  the  size  of  the  disturbed  annulus  around  the  probt  .  It  is 
recommended  that  field  samples  be  obtained  and  analyzed  with  this  technique 
to  study  the  extent  of  the  disturbed  zone  in  the  field.  The  pres<  nee  of  a 
remolded  annulus  can  result  in  an  overestimation  of  undrained  strength  by 
159?  and  underestimation  of  modulus  by  40%.  However,  The  unloading  of  the 
borehole  due  to  drilling  overwhelms  the  effect  of  the  presence  of  a  disturbed 
annulus,  and  can  result  in  overestimation  of  the  undrained  strength  by  as 
much  as  100%.  The  modulus,  however,  is  affected  by  both  the  unloading  and 
the  size  of  the  disturbed  annulus.  A  hypothesis  is  proposed  to  explain  the 
mechanism  involved  in  the  unloading  of  the  soil  during  the  self-boring  process. 
Highly  anisotropic  and  strain  softening  soils  are  shown  to  be  affected  most  b\ 
the  disturbance  (or  initial  unloading)  caused  during  the  drilling  process  and 
therefore  it  is  not  advisable  to  use  self-boring  pressuremeter  tests  in  such  soils 
with  the  currently  available  interpretation  procedures. 

It  is  possible  to  correct  the  pressuremeter  expansion  curve  for  tin  initial 
unloading  if  the  amount  of  initial  unloading  is  known  Further  research  h 
neoded  to  establish  typical  values  of  initial  unloading  lor  different  soils  and 


different  drilling  procrdim-v  The  de-script  ion  of  tin  strain  softening  behavie>r 
of  soils  by  the  model  needs  improvement,  since,  at  present  it  employs  a  curve 
fitting  technique  to  describe-  post-peak  behavior  Further,  the  model  does  not 
consider  strain  rate  effects  Since  the  strain  rate  in  a  pressuremete  r  test 
varies  with  the  radius  across  the  soil  mass,  it  is  belie  ved  that  a  strain  space 
based  constitutive-  model  would  be  tter  accommneiatc  the  strain  rate  effects  as 
well  as  the  post  peak  behavior. 
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CHAPTER  6 

EFFECTS  OF  STRAIN  RATE  AND  PARTIAL  DRAINAGE 

The  strain  rate  used  in  the  pressuremeter  test  is  generally  one  to  two 
orders  of  magnitude  larger  than  the  strain  rate  used  in  ordinary  laboratory 
strength  tests.  Since  the  undrained  strength  increases  with  the  strain  rate,  the 
pressuremeter  is  bound  to  yield  a  larger  undrained  strength.  A  reduction  of 
strain  rate  will  result  in  drainage  during  the  test.  This  chapter  examines  the 
effects  of  strain  rate  and  partial  drainage  on  the  undrained  strength  derived 
from  pressuremeter  tests  in  clay.  More  detailed  discussion  on  the  derivation  of 
the  equations  used  in  this  chapter  can  be  found  in  Prapaharan  (1987). 

8.1  Effect  of  Strain  Rate 

The  effect  of  strain  rate  on  undrained  strength  determined  from  pres¬ 
suremeter  test  results  using  conventional  interpretation  methods  was  studied. 
In  this  section,  the  kinematics  of  deformation  are  considered  first,  and  the 
radial  stress  at  the  cavity  boundary  is  calculated  by  integrating  the  equili¬ 
brium  equation.  Then  an  equation  is  derived  to  calculate  the  variation  of 
strain  rate  with  distance  from  tin  center  of  cavity.  A  relationship  between 
undrained  strength  and  strain  rate  is  proposed  to  be  used  in  the  analysis. 
Finally,  the  results  of  a  parametric  study  are  presented. 

Cavity  Expansion  —  In  this  analysis,  it  is  assumed  that  the  undrained 
expansion  of  a  cavity  takes  place  under  conditions  of  plane  strain  and 
axisymmetry.  Tensile  stresses  are  taken  as  positive.  At.  each  point  in  the  soil, 
the  principal  directions  are  the  local  radial,  circumferential,  and  axial  direr- 
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tions,  and  cylindrical  coordinates  (r,  ft,  z)  are  used.  In  the  initial  state,  Un¬ 
applied  radial  pressure,  P0,  is  assumed  to  be  equal  to  the  initial  in  situ  hor¬ 
izontal  stress,  <rt.  Initially,  the  cavity  radius  is  aD,  and  a  generic  material 
point  in  the  soil  located  at  a  radial  distance  r-u  is  considered.  When  the  cav¬ 
ity  radius  increases  from  a0  to  a0-fu0,  this  point  moves  from  r-u  to  r.  It  can  be 
shown  that  the  circumferential  strain,  ct,  is  given  by  the  equation: 

u0(2a0  -I-  u0) 


fa  =  -1  + 


1  - 


■Vs 


(6.1) 


and  is  positive.  Since  there  is  no  volume  change  and  the  axial  strain  is  zero, 
the  radial  strain,  tr,  is  related  to  tt,  by: 


(1  -f  £r)(l  +  C„)  =  1 


(6.2) 


In  the  initial  state,  the  radial  and  circumferential  stresses  are  equal  and 
uniform,  and  equal  to  the  in  situ  horizontal  stress,  rrh.  As  the  radius  of  the 
hole  is  increased,  the  circumferential  extension,  Cg,  is  positive  and  the  radial 
extension,  er,  is  negative.  The  corresponding  shear  strain  induces  a  difference 
between  the  circumferential  and  radial  effective  stresses  o0  and  cr.,  a  difference 
which  is  a  function  of  the  difference  in  principal  strains  and  therefore  a  func¬ 
tion  of  t0  and  the  strain  rate  fu  (the  majority  of  commonly  available  constitu¬ 
tive  models  do  not  consider  the  effect  of  strain  rate  and  the  model  used  in 
Chapter  5  is  no  exception): 

n'r  ~  °0  =  nr  -  n0  =  U)  (b-3) 

The  radial  equilibrium  equation  is: 

'Tt  n  —  nfl 

r  -f  - - -  =  0  (6,1 


i>T 


Substituting  lOq.  6. it  into  Kq.  6.4: 


J06 


,  »< 


>,rrT  ] 

•  ■  == - q((tf>  lo)  (6.5) 

As  r  tends  to  infinity,  ot  tends  to  <rb,  which  is  independent  of  time.  At  the 
inside  boundary,  o{  is  equal  to  the  applied  pressure  which  is  the  measured 
function,  P,  of  the  circumferential  strain,  (0,  at  the  cavity  wall  and  strain 
rate,  f0,  for  strain  controlled  expansion.  Integrating  Eq.  6.5  from  infinity  to 
the  cavity  boundary  at  r=a0-(-u0  yields: 

a  -+  u. 

P(<o>  to)  -  =  /  -  -  q(<*  ( 0 )  dr  (6.6) 

X  * 

The  integration  variable  r  can  be  eliminated  from  Eq.  6.6  using  Eq.  6.1  (for 
convenience  of  notation,  ( 0  is  replaced  by  f  in  the  following): 

i 

P(<»'  {->  -n'  =  l  ,(i-hWo  *• ;)  10 

If  the  function  q(f,  i)  is  known,  the  above  equation  can  be  numerically 
integrated  to  obtain  the  strain  rate  dependent  pressure-meter  expansion  curve. 
In  the  conventional  interpretation  method,  it  is  assumed  that  the  stress-strain 
curve  is  not  affected  by  strain  rate,  i.e.  q(£,  f)  =  q(f).  Thus,  differentiating  Rq. 
6.7  leads  to: 

dP 

q('o)  =  fo(1+to)(^  +  Co)  "i  (6>) 

d'e, 

which  is  same  as  the  equation  derived  by  Palmer  (197‘J).  Eq.  6.8  can  be  used 
to  derive  the  stress-strain  curve  from  the  pressuremeter  expansion  curve 
obtained  using  Eq.  6.7,  and  the  resulting  curve  can  be  compared  with  the 
material  stress-strain  curve,  q(c,  f),  which  includes  strain  rate  effects. 
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Variation  of  Strain  Rate  ■within  the  Soil  Mass  -  The  strain  rati  can 
be  obtained  by  differentiating  Eq.  6.1  with  respect  to  time.  It  can  be  shown 
(Prapaharan,  1987)  that  the  strain  rate  is  related  to  the  strain  by  the  follow¬ 
ing  equation: 


•  _  •  O+O  f  (2-j-r ) 

£“to(0(2+o  (1+0 


(6.9) 


The  above  equation  d  scribes  the  variation  of  strain  rate  within  the  soil  mass 
for  a  given  strain,  eot  and  strain  rate,  c0,  at  the  cavity  wall. 

Variation  of  Undrained  Strength  with  Strain  Rate  —  The 

undrained  shear  strength  has  been  shown  experimentally  to  increase  linearly 
with  the  logarithm  of  strain  rate  (e.g.  Bjerrum,  1972;  Vaid  and  Campanella, 
19/7;  Nakase  and  Kamci,  1986).  All  the  results  obtained  by  these  researchers 
are  plotted  in  Fig.  6.1.  In  order  to  compare  the  results,  the  shear  stresses 
were  normalized  with  respect  to  the  shear  stress  at  a  strain  rate  of  0.01  rc  per 
min.  It  can  be  seen  that  the  shear  strength  increases  by  8-10%  for  a  10  fold 
increase  in  strain  rate.  In  this  study,  it  was  decided  to  use  the  relationship 
shown  in  Fig.  6.1  (dashed  line)  to  study  the  strain  rate  effect  on  pressuremeter 
test  results.  The  upper  yield  strength  is  assumed  to  occur  at  a  strain  rate  of 
0.001  %  per  min.  It  is  believed  that  the  chosen  relationship  is  a  realistic  one. 
and  thus  valuable  insight  can  be  gained  about  tin  effect  of  strain  rate  on 
undrained  strength  derived  from  pressuremeter  tests  using  conventional 
interpretation  methods. 

The  proposed  relationship  (Fig.  6.1)  between  undrained  strength  and 
strain  rate  can  be  expressed  as: 


qu  =  qa  (1  +  M  log I0(r /a )) 
where,  qu  —  strength  at  strain  rate 


(6.10) 


] 
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Figure  6.1  Normalized  shear  strength  Vs  Strain  rate 


9a  —  undrained  strength  at  reference  strain  rate,  a. 

M  =  Slope  of  strength  vs.  logarithm  of  strain  rate  relationship. 

The  parametric  study  can  be  conducted  for  both  strain  hardening  and 
strain  softening  soils.  The  forms  of  the  stress-strain  curves  that  were  used  are 
given  below. 

a)  Strain  Hardening 

An  hyperbolic  relationship  was  used  for  strain  hardening  soils: 

<1  =  <h,  (6.11a) 

where,  qu  =  ultimate  strength 
X  =  constant 


b)  Strain  Softening 

The  stress-strain  relationship  of  strain  softening  materials  was 
represented  by  the  relationship  proposed  by  Prevost  and  Hoeg  (1975): 


—  a  IB.  r2  +  0 


q  =  A 


(6.11b) 


1  +  Cf2 

where  A,  B,  and  C  are  constants.  It  can  be  shown  that  the  peak  strain 

(r  =  (H+Vb*+C)/C,  the  slope  at  zero  strain  is  A.  and  the  residual  strength 
9n>  is  AB/C. 

Combining  Lqs.  6.7,  6.10,  and  6.11a  leads  to: 


P(t  i)-n  -  f  qa(l  +  -  , 

(-J  l~i  o+.)(2+o(h.) 


(6.12a) 


Combining  Eqs.  6.7,  6.10,  and  G.Jlb  yields: 
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I’(v  ‘o)  -  nb  =  / 

o 


'f  A(l+H*)  (1  +  Mlog10((/a)) 


(l+f)(2+f)(l+Ce*) 


de 


(0.12b) 


Tlu-  strain  rate,  e,  in  Eqs.  6.12a  ami  6.12l>  is  a  function  of  strain,  c,  and 
can  be  calculated  from  Eq.  6. A.  The  mathematical  formulation  is  now  com¬ 
plete,  and  Eq.  6.12  can  be  numerically  integrated  to  generate  a  pressuremeter 
expansion  curve.  The  conventional  interpretational  method  (Eq.  6.8)  can  be 
used  to  derive  the  undrained  strength  from  this  pressuremeter  expansion 
curve. 

Parameters  for  the  Analysis  —  In  order  to  obtain  the  pressuremeter 
expansion  curve  from  Eq.  6.12,  the  parameters  qa,  a,  tc,  M,  and  the  parame¬ 
ters  describing  the  stress-strain  curves  (X,  A,  B,  and  C’)  are  needed.  The 
values  assigned  to  these  parameters  are: 

qa  -  The  derived  stress-strain  curve  is  normalized  with  respect  to  the  reference 
strength,  qa.  thus  its  absolute  value  is  not  needed  in  the  analysis. 

a  -  The  reference  strain  rale  a  is  taken  as  0.01%  per  min  as  it  is  the  rate 
commonly  used  in  laboratory  tests. 

£„  -  Two  strain  rates  are  used:  (a)  1%  per  min  (The  strain  rate  usually  used  in 
the  pressuremeter  test.)  (b)  0.1  %  per  min. 

M  -  The  slope  is  assumed  to  be  0.1  from  Tig.  6.1. 

Strain  Hardening  Soil  —  A  realistic  value  of  X  has  to  be  chosen  for  the 
proper  representation  of  the  material  stress-strain  curve.  Typical  values  of  V 
range  from  1  /300  to  1  /1000.  In  this  study,  a  value  of  1/500  was  used  for  X. 

Strain  Softening  Soils  —  In  selecting  the  stress-strain  curve  for  the 
strain  softening  soil,  the  peak  strain  was  assumed  to  be  unaffected  by  the 
strain  rate.  It  is  believed  that  tlu  re  lative  change  in  strength  due  le>  strain 


rate  effect  is  more  important  than  the  actual  form  of  the  stress-strain  curve, 
and  therefore  the  results  obtained  using  this  curve  will  be  general  in  nature. 
The  following  values  (Prapaharan,  1987)  were  assigned  to  the  parameters  A, 
B,  and  C  describing  the  stress-strain  curve  at  the  reference  strain  rati  a  (i.e. 
0.01%  per  min): 

A  =  185.3  KPa,  B  =  2.308,  C  =  3.9 
Therefore,  at  the  reference  strain  rate: 

qprak  -  127.0,  (,  =  1.399? 

Results  and  Discussion  --  The  results  of  the  parametric  study  arc 
shown  in  Figs.  G.2  and  6.3.  The  solid  lines  in  these  figures  represent  tin 
material  stress-strain  curves  obtained  for  different  strain  rates  (Eqs.  6.11a  and 
6.11b).  The  dashed  lines  show  the  stress-strain  curves  derived  from  the  pres- 
surerneter  expansion  curves  (using  the  conventional  Eq.  6.8,  i.e.  neglecting 
stress  rate  effect)  corresponding  to  two  different  expansion  rates.  The  follow¬ 
ing  observations  can  be  made  from  Figs.  6.2  and  6.3: 

a.  Strain  Hardening  Soils 

—  The  derived  stress-strain  curve  tends  to  strain  soften  mildly  at  large 
strain 

—  The  peak  strength  at  1.0%  per  min  strain  rate  is  approximately  equal 
to  the  ultimate  strength  of  the  material  from  the  stress-strain  curve 
for  the  reference  strain  rate  (0.01%  per  min),  whereas  the  peak 
strength  at  the  0.1%  per  min  strain  rate  is  about  6%.  less  than  the 
reference  strength 

—  The  form  of  the  material  stress-strain  curve  at  the  reference  strain 
rate  is  different  from  that  obtained  from  pressuremeter  tests.  How- 


Figure6.2  Effect  of  strain  rate  on  undrained  strength 
derived  from  pressuremeter  test:  Strain 
hardening  soils 
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Figure 6.3  Effect  of  strain  rate  on  undrained  strength 
derived  from  pressuremeter  test:  Strain 
softening  soils 


\\u 


ever,  the  maximum  value  of  strength  is  not  affected  significantly, 
b.  Strain  Softening  Soils 

—  The  derived  stress-strain  curves  exhibit  more  pronounced  strain 
softening  characteristics  as  compared  to  the  material  stress-strain 
curve. 

—  The  peak  stress  at  1.0%  per  min  strain  rate  is  12.6%  larger  than  the 
reference  strength  whereas  the  peak  stress  at  0.1  per  min  strain  rate 
is  about  2.6%  larger  than  the  reference  strength. 

It  can  be  concluded  that,  regardless  of  whether  strain  hardening  or  strain 
softening  is  involved,  not  considering  strain  rate  effects  causes  different 
stress-strain  curves  and  strengths  to  be  predicted  from  pressuremeter  expan¬ 
sion  curves  than  if  they  are  included.  If  laboratory  results  are  the  reference 
(lower  strain  rates),  then  the  usual  pressuremeter  test  creates  an  overestimate 
of  the  undrained  strength.  In  these  parametric  studies,  for  the  pressuremeter 
strain  rate,  the  strength  was  overestimated  by  about  13%  for  strain  softening 
soils.  For  strain  hardening  soils,  even  though  the  form  of  the  stress-strain 
curve  was  different,  the  maximum  value  of  strength  was  not  affected 
significantly. 

6.2  Effect  of  Partial  Drainage 

A  typical  pressuremeter  test  takes  about  20  to  60  min  depending  upon 
whether  it  is  a  stress  or  strain-controlled  test,  thus  some  drainage  will  inevit¬ 
ably  occur  during  this  period.  The  degree  of  pore  pressure  dissipation 
depends  on  the  consolidation  characteristics  of  the  soil  and,  since  the 
coeflicient  of  permeability  in  the  horizontal  direction  is  often  greater  than 


•\|"«l'<l  Ilf  Vdliiim  change  i.i  I  (  <1  will  drainage  during  I  In  ti-l  i-  usu¬ 

ally  ignored  in  tin  ini  i  rpre  I  a  t  ion  of  te-v!  nodi- 

I  n  llii1'  Mil  inn,  tin  <  jli  r  I  of  |>:irl  i.il  drainage  on  I  In  pre-'-'-iiremeteT  ex  ]  >a  n- 
sion  curve  is  studied  and  tin  re-oilt-  art  diMihMil.  Tin  soil  skeleton  is 
assumed  to  lx  have  as  a  lint  a r-(  lactic  n,;, i (  r i.,  1 

Method  of  Analysis  --  Soil  roiiM.hdai  ion  i-  a  |Ton  n  by  which  the 
applied  stresses  are  gradually  transferred  to  tin  soil  sk.lt  ton  following  the 
dissipation  of  excess  pore  pressure.  Tin  r.  an  two  main  eategories  of  consoli¬ 
dation  t  lieorie-.  On.'  is  c  a  lied  t  lie  I  e  r / a gh ,  - K e  i ,e I u I u  1 1  a  I  In  >d  or  1 1 1 1  uncoupled 
approach,  w  ) n  re  it  is  ass u n n  d  that  tin  tola!  -  t  re •- -  r<  ; ; ,a  ; n *•  con 5  a  ti t  e  vc  r  v- 
"  here  so  that  strains  arc'  caused  only  I  >\  tin  (hang,  in  <•)!<  c  1 1\ .  s  t  re1-  s .  Jh  e 
second  is  the  coupled  approach  by  Biol  (BUI)  in  which  tin  continuing 
interaction  be  tween  skeleton  and  pore  wate  r  is  un  hide  el  in  the  formulation. 
This  generally  leads  to  more  complex  expiations. 

Silb  (ill...)  she.wee!  that  fe>r  a  linear  e-la-tie-  seul,  rude  !  e-ouso!ieiatiou 
around  a  s p 1 1 e •  r i e • : 1 1  cavity  is  an  inhe  re  ntly  umeniple  ei  jire.lde  m.  J  in-  same 
resells  apply  to  radial  consolidation  around  a  cylindrical  cavity.  This  means 
tlial  the  Biot  s  expiation  can  he  r<  eluce-d  to  the  Ter/aghi-lb  iidelb  expiation  for 
a  line  a  r  e-hot  ie  seii!  mexle  I. 

Consolidation  Equation  --  The  gooming  eiju.-tion  lor  <  em-oliela  1  ioi. 
a  round  a  e  vhiidn.  :il  ca\i'v  is: 


where-,  u  -  pore  pressure 

<  -  e  ex  llie  ie nt  ed  e-onsedie! a  I  iol 

ra  d  in  I  e-oeire!  inn  1 1 
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The  boundary  conditions  for  consolidation  during  tin  pressuremeter  expansion 
test  are  as  follows: 


a. 

u  =u0(r) 

at 

t  =  0 

for 

r  >  ro 

b. 

u  - ♦  0 

as 

t  — *  a. 

for 

r  il  r0 

c. 

u  =  0 

at 

• 

r  =  r 

for 

t  _•  0 

(6. 1  1 

d. 

^  |g- 

II 

o 

at 

r  =  r0 

for 

t  0 

where,  r0  =  radius  of  borehole. 

r  =  distance  sufficiently  far  from  the  wall 
so  that  excess  pore  pressure  is  zero. 

The  approach  used  by  Randolph  and  Wroth  (197!))  to  solve  the  ron-o!,- 
dation  equations  for  consolidation  around  a  cylindrical  pile  was  used  in  the 
study.  However,  it  was  extended  to  different  boundary  conditions,  sin<<  in  tl,< 
pressuremeter  test  there  is  displacement  at  the  cavity  fact'  during  consolida¬ 
tion,  whereas  no  displacement  occurs  at  the  pile  wall.  It  is  assumed  that  tin 
boundary  between  the  pressuremeter  membrane  and  the  soil  is  impermeable 
and  drainage  takes  place  radially  away  from  the  membrane.  Furthermore,  at 
the  end  of  expansion  and  before  consolidation  has  started,  the  excess  pon 
pressure  distribution  will  be  of  the  form  shown  in  Fig.  6.1.  For  r,  r  R 
(where  r0  is  the  radius  of  the  expanded  cavity  and  R  the  radius  of  the  plastic 
zone)  the  excess  pore  pressure,  u(,(r),  is  non-zero,  whereas  for  r  >  R.  u  ln  b 
equal  to  zero.  The  initial  distribution  of  pore  pressure'  is  obtained  b\  assuu.- 
ing  that  the  soil  behaves  as  elastic-perfect ly  plastic  material,  ami  expressed  as 
(Fig.  6.4): 


»u(r)  =  ^  ru  ,n 


U, 


(6.1a) 


Figure  6.4  Diagram  of  soil  around  oressur*"»ten  showing 

features  of  consolidation 


JJ8 


u0(r)  =  0  R  <  r  r 

where .  cu  -■  undrained  strength. 

It  will  be'  shown  later  that  the  above  initial  distribution  is  reasonable  in 
predicting  the  pore  pressure  generated  during  prcssuremeter  expansion  in  a 
calibration  chamber.  A  complete  solution  to  lap  fi.l.'t  can  be  obtained  by  a 
technique  based  on  separation  of  variables  (details  can  be  found  in  F’ra- 
pabaran  (19*7).  and  expressed  as: 

u  =  \-V'  1  J0(  V)  +  >'  Y„f  *,.r )  (IblG) 

i.  1 

w  In  ri  A,.  (I.  '6.  and  k(i  are  constatits  which  call  lx  determined  from  boun- 

da  r\  condit  ions,  aiid 

J0(  kr)  —  Bessel  function  of  order  zero  and  kind  one. 


A  0(  ‘  r )  -  Bess«  I  function  of  order  zero  and  kind  two. 


I.q  (»  H>  car.  b<  used  to  calculate  tin  pore  pressure  distribution  and  it-  dissi- 
p.i'aii  wit),  turn  at  any  point  in  the  soil  ma«s 

Calculation  of  Displacement  at  the  Cavity  f  ace  Due  to  Consoli¬ 
dation  --  lb*  change  in  volume  of  the-  cavity  will,  time,  at  constant  cavity 
sires-  can  be  calculated  if  the  dislribut ion  and  dissipation  of  tin  pore  pres¬ 
sure  w,t)j  tune  are  known.  In  the-  following  analysis,  it  was  assumed  that  the 
uniti  expanded  to  a  radius,  r,,.  uncle  r  undraine  d  conditions,  and  tin  pore 
pr* --  ir>  d is- 1 p., t  ion  and  volume  change  took  place  only  after  the  expansion  is 
•Otip'elid  It  I-  reropni/ed  ti..,t  till-  a  s  -  1 1  ll  i  pt  n  n  i  i-  lllliltld,  s  i  j ,  <  <  dt.rilig  tin 
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pressurerneter  expansion  test,  some  drainage  takes  place  and  the  volume  of 
the  cavity  increases;  however  it  is  believed  that  the  parameters  thus  calcu¬ 
lated  constitute  an  upper  bound  solution  (e.g.  an  upper  bound  of  the  effect  of 
partial  drainage  on  the  pressurerneter  expansion  curve).  The  displacement, 
s(t),  at  the  cavity  boundary  due  to  consolidation  is  (Prapaharan,  3 987): 


where, 


S(t)=2GU--^i ^-An<<  *  ^ Cl/f  “I)(,'t\jr  )“F(\.ro))  (6.1?) 


G  =  shear  modulus 
» 

/'  =  Poisson’s  ratio 


F(\r)  =  r 


■ 

1 

•'o(Xr)  +  — 

•MXr)H0(\r)  —  J0(  -'Yr  )H ,  ( Xr)  J 

+ 


m 

1 

m 

Yo('0+  J 

Y,(\r)ll0(.\r)  -  Y0(Xr)Hj(Xr)l 

Hq  —  Struve  function  of  order  zero 
H,  =  Struve  function  of  order  one 

Calculation  of  Change  in  Volume  of  the  Cavity  Due  to  Consoli¬ 
dation  —  The  total  volume  change,  A\;,  per  unit  height  of  the  cavity  due  to 
consolidation  (for  small  displacements)  is  given  by: 

.AV  a  2~r0s(t) 


and 


AV 

Y’ 


=  2 


(0 


(ti.18) 


where,  V0  =  ~a2  is  the  initial  volume  of  the  cavity. 

Results  and  Discussion  —  Computer  programs  were  written  to  perform 
all  the  above  calculations  and  the  methodology  developed  in  the  previous  sec¬ 
tions  was  used  to  predict  the  pore  pressure  distribution  measured  durin" 
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pressuremeter  expansion  tests  performed  in  a  kaolin  clay  in  the  calibration 
chamber  (Chapter  2).  The  pore  pressure  distribution  was  measured  after  the 
pressuremeter  was  expanded  to  a  radial  strain  of  10%. 

The  strength  parameters  for  kaolin  were  obtained  from  the  pressuremeter 
test.  Since  the  soil  was  assumed  to  be  elastic-perfeetly  plastic  in  the  analysis, 
the  interpretation  procedure  by  Gibson  and  Anderson  (1961)  was  used  to 
derive  the  strength  parameters  from  the  pressuremeter  expansion  curve.  The 
values  of  G/cu  and  cu  were  found  to  be  250  and  62  KPa,  respectively.  The 
coefficient  of  consolidation  for  kaolin  in  the  horizontal  direction  was  obtained 
by  lluang  (1986),  and  is  equal  to  7.4  m'/yr. 

During  the  pressuremeter  expansion  test,  both  generation  and  dissipation 
of  pore  pressures  take  place.  Some  simplifying  assumptions  are  necessary  in 
order  to  use  closed  form  solutions  for  strain-controlled  expansion.  Initially,  it 
is  assumed  that  no  dissipation  of  pore  pressure  takes  place  until  the  pres¬ 
suremeter  is  expanded  to  a  certain  strain  (t,),  and  the  probe  pressure  is  then 
held  constant.  The  pore  pressure  generated  during  the  expansion,  u0(r).  is 
calculated  using  Eq.  6.15.  The  actual  pore  pressure  will  be  less  than  that 
given  by  Eq.  6.15  as  some  dissipation  takes  place  during  expansion.  The  dissi¬ 
pation  of  pore  pressure  with  time  after  the  expansion  is  calculated  using  Eq. 
6.16.  If  the  time  taken  to  reach  the  strain  (j  is  t,,  it  will  be  assumed  that  the 
pore  pressure  dissipated  during  expansion  is  equal  to  that  dissipated  after  the 
expansion  during  the  time  interval  t,.  Obviously,  this  is  an  upper  bound  solu¬ 
tion.  A  similar  approach  can  be  used  to  calculate  the  change  in  volume  of 
the  cavity  due  to  consolidation  during  expansion. 

Fig.  6.5  shows  the  distribution  of  pore  pressure  with  time  after  the  pres¬ 
suremeter  has  been  expanded  to  10%  strain.  The  predicted  and  the  measured 


Fiqure  6.5  Variation  of  radial  distribution  of  pore 
pressure  with  tine  (after  expansion  to  10% 
strain) 
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pore  pressure  distribution  curves  for  the  press uremeter  expansion  test  in  the 
calibration  chamber  are  shown  in  Fig.  6.6.  The  pore  pressure  distribution  was 
obtained  after  the  pressuremeter  was  expanded  to  10f/c  strain  at  a  strain  rate 
of  O.TH'  c  /min.  The  predicted  curves  were  obtained  by  two  methods.  In  the 
first  method  (discussed  previously),  it  is  assumed  that  no  drainage  takes  place 
until  the  pressuremeter  is  expanded  to  10/e  strain.  The  pore  pressure  dissi¬ 
pated  during  the  expansion  is  assumed  to  be  equal  to  that  dissipated  after  the 
expansion  for  a  time  interval  equal  to  that  taken  to  reach  10rt  strain.  In  the 
second  method,  it  is  assumed  that  10%  strain  is  reached  in  4  increments.  The 
distribution  of  pore  pressure  after  the  first  increment  is  calculated  using  the 
method  mentioned  above.  The  pore  pressure  increase  during  the  second  incre¬ 
ment  is  added  to  the  pore  pressure  obtained  after  the  first  increment.  The 
resulting  distribution  is  approximated  by  a  linear  distribution  with  the  loga¬ 
rithm  of  radius,  and  used  as  the  initial  pore  pressure  distribution  at  the  end 
of  second  increment.  This  procedure  is  repeated  until  10%  strain  is  reached. 

Fig.  6.0  shows  that  the  theoretical  pore  pressure  distribution  curves 
obtained  by  both  methods  do  not  differ  considerably.  The  shapes  of  the 
predicted  and  experimental  curves  are  similar,  and  the  agreement  between 
both  curves  are  cxcellt  t.  It  shows  that  linear  solutions  can  be  used  to  predict 
tin  del  ribiition  of  pore  pressures  around  the  pressuremeter. 

The  ollect  of  the  change  in  volume  of  the  cavity  due  to  partial  drainage 
on  the  pressuremeter  expansion  curve  is  shown  in  Fig.  6.7.  The  undrained 
pres- uremeter  expansion  curve  was  obtained  from  solutions  for  cavity  expan¬ 
sion  in  an  elast ic-perfcctly  plastic  medium  (Gibson  and  Anderson,  1961).  The 
expansion  curve  with  partial  drainage  was  determined  by  adding  the  addi¬ 
tional  strain  caused  by  partial  drainage  to  the  strain  obtained  for  undrained 
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6.6  Predicted  and  measured  pore  pressure  distribution 
around  pressuremeter  at  10%  radial  strain 
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Figure  6.7  Effect  of  consolidation  on  expansion 
curve  jp-  =  250 
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expansion.  Although  considerable  dissipation  of  pore  pressure  occurs  during 
expansion  (Fig.  6.6),  the  pressuremeter  expansion  curve  is  not  altered 
significantly,  especially  at  small  strains.  In  this  analysis,  the  increase  in 
strength  of  the  soil  due  to  consolidation  was  not  considered,  and  any  increase 
in  strength  would  have  resulted  in  a  smaller  volume  change  at  large  strains. 

It  is  not  possible  to  obtain  experimentally  the  undrained  expansion  curve 
shown  in  Fig.  6.6  in  the  calibration  chamber  as  dissipation  of  pore  pressure 
occurred  even  at  the  highest  strain  rates  (e.g.,  0.73/7,/min)  used  in  the  test 
(Chapter  2).  It  is  believed  that  the  pressuremeter  expansion  curve  obtained 
for  kaolin  in  the  calibration  chamber  was  not  affected  significantly  by  partial 
drainage  as  the  derived  undrained  strength  was  very  close  to  that  predicted 
from  triaxial  compression  and  extension  test  results  (Table  6.1). 

The  dissipation  of  pore  pressure,  and  hence  the  change  in  volume  of  the 
cavity  during  the  pressuremeter  test,  will  be  smaller  if  a  larger  pressuremeter 
probe  is  used;  this  is  illustrated  in  Figs.  6.8  and  6.9.  The  pressuremeter  curves 
with  partial  drainage  in  these  figures  were  obtained  for  a  strain  rate  of 
0.2^c/min  and  a  probe  diameter  of  8.0  cm.  It  was  also  found  that  at  the 
standard  strain  rate  of  iTc/min,  almost  no  influence  of  partial  drainage  was 
detected  on  the  pressuremeter  expansion  curve. 

6.3  Conclusions 

The  comparison  of  results  from  analytical  and  experimental  studies  using 
a  model  pressuremeter  show  that  linear  analysis  can  be  used  to  predict  the 
pore  pressure  generated  during  pressuremeter  expansion.  The  partial  drainage 
that  takes  place  during  the  pressuremeter  test  was  shown  to  affect  the  gen¬ 
eration  of  pore  pressures.  However,  the  pressuremeter  expansion  curve  was 
not  altered  significantly  by  partial  drainage. 


Table  6.1  Experimental  and  predicted  undrained  strength  values 


Strain  Rate 

Soil 

OCR 

c* 

0.1% /min 

0.73%/min 

o 

cu 

cu2 

50%  Kaolin  50%  Silt 

1.0 

64 

65 

63 

100%  Kaolin 

1.0 

59 

- 

62 

Cy  -  Undrained  strength  predicted  from  triaxial  compression 
and  extension  test  results. 

c„  -  Undrained  strength  derived  from  pressuremeter  tests 
in  a  calibration  chamber. 
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Figure  6.8  Effect  of  consolidation  on  expansion 
curve: 
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Figure  6.9  Effect  of  consolidation  on  expansion 

curve:  G/c  =  100 
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The  analytical  studies  indicate  that  the  pressuremeter  expansion  curve 
obtained  using  commercially  available  probe  with  a  standard  strain  rate  of 
1%/min  is  not  significantly  affected  by  partial  drainage.  As  a  result,  the 
interpretation  methods  developeel  to  derive  stress-strain  curve  from  undrained 
pressuremeter  expansion  curve  can  still  be  use  d,  even  if  the  expansion  is  not 
perfectly  undrained. 


CHAPTER  7 


THEORETICAL  STUDY  OF  ANISOTROPY  AND  STRESS  PATH 

7.1  Introduction 

A  theoretical  study  was  made  of  two  factors  which  influence  tin  labora¬ 
tory  and  field  tests:  undraincd  strength  anisotropy  and  the  stress  path.  Th< 
effects  of  intermediate  principal  stress  in  plane  strain  compression  (e.g..  pr< -- 
su  rente  ter  test)  were  aho  studied  (Sivakugan.  1987).  Although  the  study 
initiated  as  part  of  our  research  program  on  the  pressuremeter  testing  in 
clays,  it  provides  a  strong  theoretical  basis  for  the  shear  strength  of  clays  in 
general. 

7.2  CK0UC  Testa  versus  CIUC  Tests 

In  conventional  laboratory  triaxial  testing  the  test  specimens  are  isotropi¬ 
cally  or  hydrostatically  consolidated  (CIl'C  Tests)  primarily  because  of  con¬ 
venience  and  simplicity  in  the  testing  procedures.  Non-hvdrostatic  or  aniso- 
tropically  consolidated  (CAUC)  tests  are  more  complicated,  requiring  som« 
form  of  servo  system  to  perform  K,  consolidation.  Therefore,  it  is  high!}  d<  Mr- 
able  to  have  some  means  of  predicting  the  CK„l'C  shear  strength  simp!}  Iron, 
CIUC  test  results. 

Based  on  Skempton's  (19.r»l)  pore  pressure  equation,  a  simple  procedure 
was  developed  to  predict  CK„UC  (K„  consolidated  undrained  compression) 
shear  strength  from  CIUC  tests.  The  procedure  was  validated  with  experime  n- 
tal  data  available  in  the  literature-.  Thi-  leelmique  has  a  sound  thee>re-tii-al 
basis  and  it  will  very  like  ly  be  useful  in  future  inte  rpre  tatiem  e>f  beith  In  Id  atiel 
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7.3.2  Extension  of  the  Cam  Clay  Model 

The  test  paths  of  a  one  dimensionally  consolidated  specimen  (Point  A) 
sheared  undrained  to  failure  (Point  F)  is  shown  in  Fig.  7.3.  The  state  boun¬ 
dary  surface  of  the  Cam  Clay  model  is  given  by 


f 

q  =  (N  -  v  -  \  In  p')  (7.3) 

(A  —  K) 

This  equation  is  valid  immediately  after  consolidation  (point  A)  and  at  failure 
(Point  F);  introducing  the  values  of  p,  q,  and  v  for  these  two  limits  in  Eq.  7.3 

l  .  » 

and  solving  for  the  ratio  p0/Pf  leads  to: 
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where 


(7.5 ) 


'/o 


3(1  —  K(1) 


(7.0) 


(1  +  2KJ 

A  is  known  as  the  critical  state  pore  pressure  parameter  or  the  irreversibility 


ratio. 


Spacing  Ratio 

From  the  geometry  in  I  ig.  7.2  and  Eq.  7.-}.  V  can  be  expressed  as 


A 

\  -  — 

M 

The  spacing  ratio  r  proposed  in  this  study  is  defined  as: 

\  -  I 

r  =  ^  (O'  r<  1 )  (7. 

lor  tin  Cam  Clay  mode  I  it  can  In  shown  that  (Atkin-on  and  Hransby,  I  f  *  7  ^  I 
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X  —  k  =  N  -  I 

From  Eqs.  7.7,  7.8,  and  7.9: 


(7.9) 


(7.10) 


This  ratio  is  equal  to  0  when  N0  —  I  (CSL)  and  equal  to  1.0  when  N0  —  N 


(1CL). 


Pore  Pressure  Parameter 

The  total  and  effective  stress  paths  for  a  CKcUC  test  are  shown  in  Fig. 
7.4.  The  excess  pore  pressure  at  failure  (Auf)  and  the  change  in  deviatorie 
stress  (Aq)  are  given  by: 


.  •  1  ,  ,  ' 

Auf  =  p0  +  —  (qf  -  qj  -  Pf 

Aq  =  qf  ~  qu 

Thus  Skempton’s  Ar  (=Aur/Aq)  is: 


1  .  (Po  ~  Pf) 

A  r  =  -t  ~  r 

3  (qr  -  q0) 

At  failure: 


qf  =  M  pf' 

From  Eqs.  7.4,  7.10,  7.13,  and  7.14,  Af  can  be  written  as: 


exp  (r  A)  —  1 
M  -  //t)  exji  (r A) 


(7.11) 

(7.12) 


(7.13) 


(7.14) 


(7.15) 


Undrained  Shear  Strength 

The  undrained  shear  strength  of  of  a  CK0UC  test  is  given  by: 


From  Fqv  7.4  and  7.1f»: 


rf  “  2  Or 


=  ~  M  Pf 
2  1 


(7- 10) 
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r 


In  terms  of  the  spacing  ratio: 


rf  M 

—  =  —  (i  4-  2K0)  exp(-rA)  (7.17) 

^vo  6 

In  the  Cam  Clay  model,  the  modified  Cain  Clay  model,  and  the  extensions 
proposed  herein,  the  normally  consolidated  clay  is  idealized  as  an  elasto- 
plastic  medium  exhibiting  isotropic  strain  hardening.  Ohta  and  Nishihara 
(1985)  developed  a  similar  expression  as  Eq.  7.17  for  K0  consolidated  clays, 
based  on  rheological  and  dilatancy  characteristics  of  soils. 


7.3.3  Extension  of  the  Modified  Cam  Clay  Model 

The  following  derivations  are  similar  to  those  in  the  extended  Cam  Clay 
model  given  above.  The  state  boundary  surface  of  the  modified  Cam  Clay 
model  is  given  by: 


In 


__  N  —  v  —  X  In  p 
X  —  i; 


(7.18) 


M2  +  i/2 

M2 

where  )/  =  q/p.  Substituting  the  values  of  p',  q,  and  v  at  the  end  of  consoli¬ 
dation  and  at  failure,  the  following  relationship  is  obtained: 


' 

Po 

2  M2 

Pf 

M“  +  Vo 

(7.19) 


Spacing  Ratio 

From  the  geometry  in  Fig.  7.2  and  Eq.  7.19,  X  can  be  expressed  as: 


A  In  ----- 

M2  +  V„* 

For  the  modified  Cam  ('lav  model  it  can  be  shown  that  (Sivakugan.  1987): 
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N  -  r  =  (X  -  *)  ln2 

From  Eqs.  7.20,  7.21,  and  the  definition  of  the  spacing  ratio  r: 


(7.22) 


Pore  Pressure  Parameter 


From  Eqs.  7.13,  7.14,  7.19,  and  7.22,  Af  can  be  written  as: 


Af  =  -  4 


2r  A  -  1 


M  -  ?/0  2r  N 


(7.23) 


Undrained  Shear  Strength 

From  Eqs.  7.16,  7.19,  and  7.22 


-r-  “  T-  (1  +  2K°)  2~ 


7.3.4  Comparison  of  Extended  Critical  State  Models 


(7.2-1) 


In  the  extended  Cam  Clay  model  as  well  as  in  the  extended  modified 
Cam  Clay  model,  the  derivations  and  the  resulting  equation  are  very  similar. 
For  both  models  Af  and  rf/rrvo  aro  g*v’t*ii  by  the  following  equations: 


Ar  =  ~  4 


1  ,  _  F(r, A)  -  1 


3  M  -  i/„  F(r,.\) 


4-  =  Y  0  +  2K0)  — 1 — 
6  H»v') 


For  the  extended  Cam  Clay  model: 

F(r, A)  =  exp  (r.\) 
and  for  the  extended  modified  Cam  Ciav  model: 


(7.23) 


(7-26) 


(7.27) 
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F(r,.\)  =  2r  '  (7.28) 

Variations  of  Afko  with  cv'chjc»  an^  'f/^vo  W|fh  '-CIL'C  f°r  K0  =  0.5,  arc 
shown  in  Figs.  7.5  and  7.6,  respectively.  is  the  value  of  <i>  obtained  from 

a  CIUC  test.  For  low  values  of  A,  both  models  predict  about  the  same  Afko. 
For  higher  A,  the  extended  modified  Cam  Clay  model  gives  lower  values  than 
the  extended  Cam  Clay  model.  Af  ko  decreases  with  increasing  d>,  decreasing 
A,  and  increasing  K0.  For  typical  values  of  <:<,  A,  and  K0,  Afkt)  varies  between 
0.9  and  4.0.  Both  models  predict  about  the  same  shear  strength.  The  normal¬ 
ized  undrained  shear  strength  varies  approximately  linearly  with  '.’cine-  For 
typical  values  of  K0,  A,  and  O,  it  varies  between  0.25  and  0.45. 

The  undrained  shear  strength  and  pore  pressure  parameter  in  the  critical 
state  models  and  the  extended  critical  state  models  are  shown  to  be  functions 
of  friction  angle  and  consolidation  characteristics.  The  friction  angle  and  the 
consolidation  characteristics  are  represented  by  <5  and  A,  respectively.  Few 
empirical  correlations  have  been  cited  in  the  literature  relating  M  with  A. 
Schofield  and  Wroth  (1968)  proposed  that  M/A  =  1.5.  Karube  (1975)  sug¬ 
gested  that  it  is  1.75.  However,  based  on  experimental  data  from  the  litera¬ 
ture,  Sivakugan  and  Holtz  (1986)  showed  that  there  appears  to  be  no  correla¬ 
tion  between  M  and  A. 

7.4  Intermediate  Principal  Stress  in  Plane  Strain 
Compression  of  Normally  Consolidated  Clays 

The  main  drawback  with  the  critical  state  models  is  that  they  were 
developed  essentially  for  conventional  trinxial  loading  conditions,  such  as 
those  existing  under  a  uniformly  loaded  large  area,  or  along  the  vertical 
center  line  of  a  circular  footing.  However,  plane  strain  conditions  are  more 
common  in  the  field;  long  strip  footings,  embankments,  or  retaining  walls  are 


m 


\uu 

good  example  of  plane  strain  problems.  Pressuremeter  loading  caii  also  Ik 
approximated  by  a  plane  strain  problem  if  end  effects  are  neglected. 

Many  geotechnical  engineering  problems  can  be  better  simulated  or 
approximated  by  plane  strain  loading  conditions  than  axisymrnetric  triaxial 
loading  conditions.  However,  due  to  the  ease  of  operation  and  simplicity  of 
the  apparatus,  triaxial  tests  are  often  preferred  to  plane  strain  ones,  even  for 
obviously  plane  strain  problems.  Conversely,  there  are  relatively  few  well 
documented  data  in  the  geotechnical  literature  for  plane  strain  tests  on  soils 
(Oornforth,  1901;  Henkel  and  Wade,  1909;  Hambly  and  Roscoe.  1909;  Ladd,  et 
ah,  1971;  Campanclla  and  Yaid.  1973;  Mitachi  and  Kiago.  19*0). 

In  plane  strain  tests,  the  intermediate  principal  stress  is  not  known 
unless  the  sides  of  the  specimen  corresponding  to  the  plane  of  zero  deforma¬ 
tion  are  instrumented.  For  analysis  of  plane  strain  situations,  it  is  often 
necessary  to  know  the  magnitude  of  n2%  the  effective  intermediate  principal 
stress  in  the  direction  of  zero  deformation.  o2  is  often  assumed  to  be 
(n]  +  o3)/2  or  given  from  elastic  analysis  by  t{nx  4  r^),  where  r  is  the 
Poisson’s  ratio. 

Sivakugan  (1987)  studied  the  variation  of  principal  stresses  during  plant 
strain  compression  of  normally  consolidated  clays.  The  elastic  model  proposed 
by  Cornforth  (190-1)  and  the  semi-empirical  equation  given  by  Bishop  (191.1. j 
were  reviewed.  An  elasto-plastic  model,  based  on  the  modified  Cam  Clay 
model  was  proposed  to  study  the  principal  stress  variation  during  plane  strain 
compression.  This  research  is  summarized  below. 

7.4.1  Relationship  between  b,  <  and  n2/in\  +  n*) 

The  relative  magnitude  of  is  often  expressed  nv  .t,/(o1  4  n3)  or  b\  tin 


b- para  me  ter  (Bishop.  19<»t>)  de  line  -el  as 


n2  ~  ni 


"i  ~  "a 


Strictly  speaking,  to  specify  the  relative  magnitude  of  the  interim  diat« 
principal  stress,  either  b  or  4  ^3)  is  not  sufficient:  both  are  re  quire  (]  It 

is  only  at  failure  one  can  be  computed  from  the  other.  This  is  illustrated  by  a 
numerical  example  in  Sivakugan  (19S7).  Defining  Omot  as: 


SHI  .'  = 


nl  -  n3 


n  i  +  na 


it  ran  b<  sheiw  t,  t  hat : 


b  —  1 )  •  1 

- L  sin  <  ,  -+  — 

2  2 


7.4.2  Cornforth’*  Model 

Cornforth  (19G1)  showed  from  elastic  analysis  that  for  soils  loaded  under 
plane-  strain  conditions,  the  following  relationship  holds  throughout  tin  entire 


~i  t  14  K, 

where  f  is  the  Peiisse>n  ’•>  ratie>  from  incremental  elastieity.  it  is  s  h  e » w  i .  later 
(Setie.n  7.4  tha’  it,  re  !at  ie>n-hip  he>!  ei  *-  only  for  K  ceiriM»liefa*«  el  m.  ■ 


7.4.3  Bishop’s  Model 

Base  ej  on  plane  strairi  te-sts  on  rornpa<  l«<i  moraine.  Bishop  (19GG  she* vs e  <i 
that  for  normally  consedieiate  d  clays  she  are-ei  uride  r  plane  strain  ce»n«litieins 

e~2/|  ",  *  -j)  at  f  .1  1 .  .  j  r «  |S  give  I,  |.y 


rl  4  <*3 


=  —  COb 
2 


\vailabl«  data  on  five  different  soiK  ( T ;i  1 » I <  7.1)  one  dimension.! II y  conso¬ 
lidated  and  sheared  undrained  under  plane  strain  compression  indicate  that 
rr2/('f,  4-  increases,  but  only  slightly.  during  plane  strain  compression. 

»  i  r 

Therefore,  it  is  a  good  approximation  to  assume  that  q-  is  a  con¬ 

stant  during  plane  strain  compression  of  a  one  dimensionally  consolidated  soil. 
Thus,  for  the  entire  plane  strain  compression  test.  Eq  7.33  may  be  simply 
stated  as: 


— ; - r  =  -  cos*'  (7.31) 

''i  +  ~»  2 

7.4.4  A  Note  on  the  Models  Proposed  by  Cornforth  and  Bishop 

i  i 

Immediately  after  one  dimensional  consolidation  o2  and  n3  both  are  equal 
to  K,/v  Therefore: 


a,  +  r3 


1  -f  K, 


Therefore,  predictions  based  on  Cornforth  s  model  can  be  expected  to  be 
closer  to  the  initial  val.ic  of  'To/('r,  4-  in  the  plane  strain  compression  test. 
Bishop's  semi-empirical  equation  »:>'■  proposed  for  failure  conditions.  Hence. 

i  .  i  • 

the  predictions  from  Eq.  7.31  would  be  closer  to  the  values  of  4  '■’j)  at 

failure  Nevertheless,  the  difference  between  these  two  values  is  small,  tin- 
latter  being  greater  than  the  former.  Experimental  data  (Tabh  7.1)  and  the 
elasto-plast i<  analysis  described  below  show  that  n>/(nx  4-  n3)  does  increase, 
but  only  slightly,  during  the  plane  strain  compression. 


Table  7.1  Experimental  and  Predicted  Results 


7.4.5  Elastic  Analysis 


From  the  theory  of  elasticity 


1 1  = 


(2  ~  - 


n\  -  r  K>  +  ns) 


E 


-  I'  (oi  4  cr. 


i) 


(7.35) 


f3  — 


E 


t3  -  /•  (rr,  4  rr2) 

Here  rr2,  a3,  f j ,  c2,  and  f3  are  principal  stresses  and  strains  in  the  direc¬ 
tions  referred  to  by  the  subscripts.  E  is  the  Young’s  modulus.  For  plane  strain 
conditions.  t2  is  null,  and  therefore: 


i  ,  —  i 1  (7.36) 

°\  + 

Eqs.  7.35  and  <.36  are  valid  only  if  the  element  under  consideration  does  not 
have  initial  stresses  or  strains.  In  tne  presence  of  initial  stresses,  it  is 
appropriate  to  use  incremental  elasticity  theory.  Then  Eqs.  7.35  and  7.36 
become: 


=  -L 

1  E 


^•2  =  -h 


1  (-Y^,  4  -A  ',) 


(7.3; 


-v,  =  - 

J  i: 


^3  -  1  U'Y  +  -^j) 


A  si-, 


r  =  /  (7.3v | 

4  -V3 

Without  any  reference  to  the  initial  state,  Cornforth  (lflfi-1)  simply  stated  that 
n<>/in i  ■+  Tt)  was  a  constant  (  =  / )  for  the  enlin  plant  strain  test.  It  is  *.h«o»n 


below  that  Cornforth's  expression  is  valid  only  for  out  dim* 


ll\  I'llllM'll 


dated  soils 


One  Dimensional  Consolidation 

For  one  dimensionally  consolidated  soils,  the  initial  effective  stress*-  (i  < 

*  i  t  ' 

immediately  after  the  consolidation)  are  c*Jo  =  crV(i,  and  ^2(  -  ^  K 

Therefore: 


nl  4  n3 


n'lo  4  '"3,  1  4  K 


For  on*'  dimensional  consolidation  A  - A',  ().  and  A  n.  A*,  Sul>  ' 

tuting  these  values  in  F<).  7.37  leads  to 


1  +  K. 


1 7  Id 


At  any  stage  of  plan*'  strain  loading,  let  the  stress  increments  from  the  ini' 
state  be  AT|.  A~_..  and  A',  From  Fqs  7.3K,  7.39.  and  7.10 


4  A 


Therefor* : 


v  4  A'., 


'i  4  ’i )  4  (  '.*  4  A' 


n  -l  .•* 

1  ^  .< 


Thus.  r2/{  ~'i  4  ■''.it  r*  mains  a  constant  throughout  tin  cut  in  loading  f< 
plan*  strain  compression  of  a  on*  dim*  i  -ionally  consolidated  s*>il  cl*  in*  nt  |i 
assumed  that  t h«-  Poisson’s  ratio  is  a  constant  for  the  entire  loading 


Isotropic  Consolidation 
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For  K0  =  0.5,  the  variations  of  ^2/(ni  4  nj)  with  (ni  -t  '~J)/\,  for 
several  consolidation  stress  ratios  are  shown  in  Fig.  7.7.  Tin  consolidation 
stress  ratio  K  is  defined  as: 

n 3, 

K  =  -~ 
nu 

For  consolidation  stress  ratios  below  K0.  ^2/ini  4-  na)  increases  during  load i tip 
and  becomes  asymptotic  to  the  value  /  ,  whereas  for  consolidation  stress  ratio- 

»  .  i  i 

greater  than  K0,  n2/(r'l  decreases  and  becomes  asymptotic  to  . 

For  hydrostatically  consolidated  soils.  immediately  after  consolidation 
~  .  Then  fore  : 

n1‘ 

i - -  =  or,  ( 

Since  the'  incremental  ratio  (lap  7.3K)  is  diflerent  from  the  initial  ratio  (I 
7.42),  n2j{n\  4  ^3)  does  not  remain  constant  as  in  the  case  of  one  dimension 
ally  consolidated  soi Is .  It  decrease*-  from  its  initial  value'  of  0.5  and  become 
asymptotic  to  the'  value  of  /  (Fig.  7.7). 

It  is  clearly  seen  fremi  Fig  7.7  that  n2/(-~'x  4  cr3)  re-mains  constant 

throughout  the1  plane-  strain  compression  loading  only  when  K  K  The 

error  in  assuming  that  4  is  a  constant,  that  is  eepial  to  ,  ,  f,,r 

hydrostatically  consolidated  soil-  (K  1)  is  evident  from  th<-i  figure-  lor 
example,  in  the-  case  of  K,  0.5.  •~‘2/(-1x  4  (hiring  the  initial  stage-  of 
loading  is  overestimate  d  by  as  mm  h  as  50r,'  with  this  assumption.  This  error 
decreases  with  increasing  values  of  l\(i.  Howe  ver,  for  typical  \alue  s  of  l\  (0  t 
0.C)  the-  error  is  quite  significant 

Previews  experimental  data  e>n  one-  dime-nsiema  1 1  \  consolidated  soi  I- 
(Cornfeirth,  MHit.  Campanella  and  Yaiel.  1  7 .'t :  } I <  1  ■  k >  I  and  Wade,  1 1M»». .  Mi'. 
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chi  and  Kitago,  1980)  show  that  the  ratio  n-i!{n\  +  ^3)  during  plane  strain 
compression  remains  constant  or  increases  slightly  with  loading.  This  is  in 
general  agreement  with  elastic  analysis  because  one  dimensionally  consoli¬ 
dated  soils  usually  fail  at  low  strains  behaving  "elastically"  until  a  significant 
fraction  of  the  failure  stress  is  reached. 


7.4.6  Elasto-Plastic  Analysis 


III 

(7i~rr2~n3  Space 

The  modified  Cam  Clay  model  proposed  by  Roscoe  and  Burland  (1908) 
for  a  generalized  three  dimensional  stress  state  is  extended  here  to  study  the 
variation  of  the  principal  stresses  during  plane  strain  compression  of  a  nor¬ 
mally  consolidated  clay. 

In  cTj  —  (7 ^  rr3  space,  the  volumetric  yield  surface  is  given  by  (Roscoe 

and  Burland,  1968)  : 


(M<z  +  6)(cTj'2  4-  ct'2  +  oj)  4-  2(M?  -  3)(^jcrj  +  +  ryr|) 


*9 


— 3M?Po  (cr,  +  a,  4-  o3)  =  o 


(7.43) 


where, 


=  V  f  M 

p(,  is  the  value  of  p  at  the  end  of  hydrostatic  consolidation. 
For  deformation  under  plane  strain  conditions: 

«S  9  =  <V  9’  <Si  9=o 


(7.41) 


(7,1  r>) 


or: 


The  subscript.  2  refers  to  the  direction  in  which  there  is  no  deformation.  The 
fact  that  4  depends  on  the  stress  path  makes  it  impossible  to  obtain  a 
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closed  form  solution  to  plane  strain  problems.  In  conventional  triaxial  tests, 
the  volumetric  yield  locus  is  uniquely  defined  under  any  state  of  stress.  This  is 
not  the  case  under  plane  strain  conditions  where  the  imposed  stress  path  has 
significant  influence  (Roscoe  ami  Burland,  1968).  This  situation  is  simplified 
by  assuming  that  all  the  components  of  elastic  strains  are  negligible.  In  other 
words,  the  slope  of  swelling,  is  assumed  to  be  very  small  compared  to  the 
slope  of  the  virgin  consolidation  line,  X.  Therefore,  for  plane  strain  conditions: 

<V  2  =  et  <]'  =  0 

The  volumetric  yield  surface  in  —  r.,  -  n 3  space  is  shown  in  Fig.  7.8. 
The  plane  strain  volumetric  yield  curve  CBABC  lies  on  this  yield  surface. 
Projection  of  the  plane  strain  volumetric  yield  curve  on  the  cr|  —  rr3  plane  is 
given  by  CBABO.  For  plain  strain  conditions,  the  total  strain  vector  i't  {’  - 
<s( j*  must  lie  on  a  plane  parallel  to  Assuming  normality  conditions,  Ros- 

coe  and  Burland  (1968)  showed  that  at  any  point  on  the  plane  strain 
volumetric  yield  curve: 


v  _ 

•  ‘  1 


V  =  —  =  0 

i'n„ 


Thus,  from  Eqs.  7.43,  7.44,  and  7.46: 


(7.46) 


(2.M*  4  18)^2  4  (2M?  -  9)(crJ  4  rr3)  -  3M‘p'  =  0  (7.47) 

This  is  the  equation  of  a  plane  which  intersects  the  volumetric  yield  surface 

along  the  plane  strain  voluimiric  yield  curve  CBABC.  Therefore,  at  any 

stage  of  volumetric  yielding.  is  given  by: 

,  _  3\1gp;,  -  (2M?  -  9)(crj  4  n‘3) 

° 2  (2.M-  4  18) 

i 

Substituting  this  expression  for  n.,  in  ICq.  7.47,  the  plane  strain  volumetric 

t  i 

yield  locus  in  the  cr(  —  plane  is  given  by  (curve  CBABC'  in  Fig.  7.8): 


-V?  »o 
-42  p* 


:igure  7.8  Volumetric  Yield  Curve  for  Plane  Strain  Compression 
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(4M-  4  9)(a,*  4  H?)  -  6MZP;,(n;  4  A,)  4  (4\12  -  1 8)n\a3 


M  .'2  n 

—  Pc,  =  0 


(7.49) 


s-t  Space 

To  simplify  the  analysis  three  variables  s,  t,  and  ?/  are  introduced, 


defined  as: 


n.  +  a 


s  = 


t  - 


a,  -  a3 


Aj  —  A3 


A,  4  A3 


Sl11  '■  niob 


Substituting  these  in  Eq.  7.49.  the  plane  strain  volumetric  yield  curve  in  the 
s-t  plane  becomes: 


6M2s2  +  2(M2  4  9)t2  -  CM2p's  -  —  p'2  =  0 

4 


(7.50) 


r  »  »  v 


Since  t lie  isotropic  state  of  stress  corresponding  to  point  D  (po,po.p0)  can 
not  be  attained  under  plane  strain  conditions,  a  more  convenient  parameter  s0 
is  used  instead  of  p0  in  the  following,  where  s0  is  the  value  of  s  when  t  =  0. 
Substituting  t  =  0  in  Eq.  7.50: 

A,  , 


S  =  -  V 

o  2  *  ° 


(7.51) 


where: 


A.  =  I  + 


1  4 


M* 


I/- 


(7-52) 


The  entire  volumetric  yield  surface  expands  or  contracts  depending  on 
the  change  in  water  content.  With  decreasing  water  content,  the  volumetric 
yield  surface  expands  and  vice  versa.  However,  normalization  of  Eq.  7.49  with 


156 


respect  to  s0.  a  parameter  reflecting  the  consolidation  stress  level,  leads  to  a 
unique  plane  strain  volumetric  yield  curve  independent  of  the  water  content. 
This  is  similar  to  normalizing  the  stress-strain  curves  with  respect  to  the 
elective  vertical  consolidation  pressure.  The  normalized  plane  strain 
volumetric  yield  curve  is  given  by: 

3M2(s/sJ2  +  (M2  +  9)(t/s0)2  -  (s/sj 

Ai 


3 


(7.53) 


f  rom  Eqs.  7.48  and  7. '>3,  and  the  definitions  of  s,  t,  and  //.  the  normal¬ 
ized  values  of  all  three  principal  stresses  can  be  obtained  at  any  stage  of 
plane  strain  yielding.  Variations  of  normalized  principal  stresses  with  >i  for  M 
—  1.0  are  shown  in  Fig.  7.9.  During  loading,  rr2  and  n3  decrease  steadily 

whereas,  rr]  increases  during  the  initial  stages  and  then  decreases.  For  conven¬ 
tional  triaxial  compression  test  (CIUC)  it  can  be  shown  that: 


sin  O 


3M 


6  +  M 


=  7/r 


(7.54) 


where  //f  is  the  value  of  ?/  at  failure.  Eq.  7.54  is  used  in  addition  to  Eqs.  7.48 
and  7.53  to  obtain  the  stress  state  at  failure. 


7.4.7  Comparison  of  Models 

i  t  I 

From  the  values  of  normalized  principal  sires  s  ^2/(^1  +  n3l  throughout 
the  plane  strain  loading  is  also  derived.  A  parametric  study  shows  that,  for  all 

11  l 

values  of  M.  n2/(n\  +  ct3)  increases  slightly  during  the  loading.  Also  shown  in 
Fig.  7.9  are  the  variations  of  cr2/(rr,  +  <^3)  according  to  Cornforth's  and 

»  .  1  l  . 

Bishop's  models.  According  to  these  two  models,  '72/(rTi  +  ^3)  ,s  a  constant  for 
t  he  ent  ire  loading. 
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Figure  7.9  Variation  of  Normalized  Principal  stresses  and 
oy(cj  ♦  o  !j)  with  n'  for  M  =  1.0 
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i  i  i 

Predicted  and  experimental  values  of  ^/(o,  +  ni)  f°r  f>V(  d iff*  re  nt 
remolded  and  undisturbed  clays  are  shown  in  Table  7.1.  Interestingly. 
Cornforth’s  elastic  model  and  Bishop’s  semi-empirical  model  give  a  good  esti¬ 
mate  of  this  ratio,  assuming  it  to  be  a  constant.  The  modified  Cam  Clay 
mode!  slightly  overestimates  +  az),  but  clearly  shows  the  trend  of  t f li¬ 

ra  t  i  o  increasing  during  shear.  Similar  trends  have  been  observed  by  Henke! 
and  Wade  (i960),  and  Mitachi  and  Kitago  (1980).  Campanella  and  Yaid 
(1973)  reported  that  this  ratio  is  a  constant,  but  a  slight  increase  with  strain 
is  evident  from  their  data  (Fig.  7  of  Campanella  and  Vaid,  1973).  The  pro¬ 
posed  model,  because  it  is  based  on  modified  Cam  Clay,  is  essentially  for  iso¬ 
tropically  consolidated  clays.  All  the  available  data  is  for  one  dimensionally 
consolidated  clays.  Therefore,  the  slight  overestimation  could  be  partly  due  to 
the  anisotropy  in  consolidation  stresses  (i.e.,  stress  induced  anisotropy). 


7.5  Summary 

The  effects  of  anisotropic  consolidation  on  undrained  shear  strength  was 
studied  by  comparing  CIUC  and  CK0UC  tests.  A  simple  procedure  with  a 
sound  theoretical  basis  was  developed  to  predict  the  in  situ  or  K0  consolidated 
undrained  shear  strength  from  ordinary  CIUC  test  results.  The  procedure  was 
validated  with  experimental  data  from  the  literature  (Sivakugan,  et  ah,  1987). 

The  Cam  Clay  and  the  modified  Cam  Clay  models  were  extended  to  con¬ 
sider  a  K0  consolidated  initial  state.  A  new  state  parameter,  the  spacing 
ratio,  is  introduced  to  simplify  the  analysis.  Expressions  were  developed  for 
the  undrained  shear  strength  and  Skempton’s  A-parameter  at  failure,  Af k()  for 
K0  consolidated  soils. 
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and  strength  response  to  be  predicted  from  pressu remoter  expansion  curves 
than  if  these  effects  are  included.  If  conventional  laboratory  results  arc  the 
reference  (lower  strain  rates),  then  the  usual  pressuremeter  test  creates  an 
overestimate  of  the  undrained  strength.  In  parametric  studies,  the  strength 
was  overestimated  by  about  13%  for  strain  softening  soils. 

4.  Stress  disturbance,  applied  in  laboratory  experiments  either  by  over- 
stressing  or  understressing  the  soil  around  the  probe,  primarily  affected  tin 
early  part  of  the  pressuremeter  curve.  This  does,  however,  result  in  a 
significant  variation  of  the  lateral  earth  pressure  and  initial  shear  modulus. 
These  variations  in  turn  affect  the  interpretation  of  the  undrained  shear 
strength. 

6.  The  presence  of  a  remolded  annulus  can  result  in  an  overest imat ion  of 
the  undrained  strength  and  underestimation  of  the  modulus,  and  the  error 
increases  with  the  thickness  of  the  remolded  annulus.  If  the  thickness  of  the 
remolded  annulus  is  half  the  radius  of  the  cavity,  then  the  errors  in  the 
undrained  strength  and  the  modulus  can  be  as  high  as  15%  and  40%,  respec¬ 
tively. 


6.  The  unloading  of  the  borehole  during  the  drilling  overwhelms  the 
effect  of  the  presence  of  a  remolded  annulus  when  the  initial  unloading  is 
large,  l  or  small  amounts  of  initial  unloading  (i.e.  initial  strain  less  than  0.1 
to  0.2%),  the  remolded  annulus  has  tin  strongest  influence  on  strength  esti¬ 
mates;  however  the  error  in  the  undrained  strength  will  he  less  than  20'  < . 
For  a  large  amount  of  initial  unloading,  initial  strain  overwhelms  the  effect  of 
remolded  annulus,  and  the  undrained  strength  can  be  overestimated  l>v  as 
much  as  100%  for  an  initial  strain  of  J%.  The  modulus,  however,  is  affected 
bv  the  size  of  tin  disturbed  annulus  as  well  a>-  the  amount  e>f  initial  unload- 


If? 

ing.  and  can  be  underestimated  by  as  mueli  as  40',. 

7.  A  close  examination  of  tin  re  ported  results  of  self-boring  pressure  m< 
ter  tests  in  various  soils  revealed  that  tin  error  in  the  undrained  strength  i- 
very  large  for  highly  anisotropic  and  strain  softening  soi Is,  compared  to  r<  la 
tively  insensitive  soils.  It  is  hypothesized  that  this  large  error  is  earned  l*> 
the  initial  unloading  of  the-  borehole-  during  drilling,  anel  a  signifi<ant  aiin.n  i 
of  initial  unloading  is  more  likely  to  eirnir  in  strain  softening  soils 

8.  Partial  drainage-  significant  l>  afle-cts  the-  pore  pre-ssure  ge  ne  rated  in 
the  soil  mass  during  the-  pre-ssureme-ter  test.  However.  e>ur  t  he-ore- 1  i<-  a  I  re-mlt- 
indicate  that  the  pressuremeter  expansie»n  curves  obtained  fre»m  cornin'  n  ia'i> 
available  probes  with  a  standard  strain  rati  of  1(  < /minute  should  not  i.< 
significantly  affected  by  partial  drainage.  As  a  re-sult.  the  interpret  a  t  ion  pro 
cedures  developed  to  derive  the  stress-strain  curve  from  the-  unelrained  pre 
suremeter  expansion  curve  can  still  be  used,  even  if  the  expansion  is  not  per¬ 
fectly  undrained. 

9.  The  initial  shear  moduli  are  very  se  nsitive  te>  strain  rate  ,  stress  distur¬ 
bance,  and  the  methed  of  interpre  tation.  There-fore-,  it  is  suggested  that  for 
practical  applications,  the-  de-te-rminat ion  of  this  soil  property  from  pressure-m 
eter  tests  be  accorded  careful  scrutiny  and  perhaps  abaiiele>ne-e).  at  least  for 
soils  of  the-  type-  studied  in  this  re-s,  arch. 

10.  Laboratory  expe  rime  nts  indicate  <1  that  l>e>th  1  h<  pore  pre  ssure-  eii-tri- 
bution  at  the-  enel  of  probe-  expansion  and  the  she  ar  medulns  as  efe  termini  d 
from  unload-reload  loops  are  not  sensitive  to  stress  efist urbanee  oce-nrring 
prior  to  the-  tesl . 

11.  Comparison  of  the-  expe  rime  ntal  and  the  predicted  pressure-tin  t<  - 

curves  showed  that  the-  anisotropic  modi  I  proposed  |,\  I’nvost  (ItiTPi  ■  •  !» 


used  to  predn  t  tin  pres'i.ri  mi  ti  r  i  x §*;•  !■*- 1« ii*  rum  llimi  it  r  tin  model  dm  - 
not  describe  tin  strain  softening  Inha.ior  \i  ry  hi  II  Tin  proposed  curvi 
fitting  equations  descrikn  tin  theonlnal  ami  tin  experimental  pressuremcter 
curves  adequat*  ly  It  has  aho  t« «  n  sIm.vm,  that  tin  Simplex  method  i'  at< 
efli<  n  ut  algorithm  to  inl<  rpn  t  pre"ur«  tin  ii  r  ilat.i 

12.  Tin  pres*-uremetrr  test  mg  program  shows  that  a  small  sral<  (alihra 
turn  chamber  system  ran  In  iw  d  to  perform  tests  m,  rohi'M  soil'  (  inform 
and  reproducihV  sample'  of  soil'  ran  In  pri  part  d  and  ti'tid  Tin  sy'tim 
appears  to  In  particularly  suitid  for  t  h*  *  valuation  of  ot  *  •  r  m  siti,  ti'tmg 
dev  M  i  ' 

Id  I’ori  sire  dist  ribut  ion  analyse  can  pr«>vid<  *  f .  •  tin  a  to  to  i-Mitnali  tin 
thickness  of  tin  remolded  anni  hi'  around  tin  pri  .o  on  ii  r  proln  tlio  cot 
ce[>t  could  In  extended  toother  ill  on  ' 

1 4  Tin  cixflicient  of  liori/or.la-  coi.'olidat  im,  <.  dttirtnitne'  from  stre" 
controlled  holding  test-  vsith  proln  pri",.ri  e\c<  tiling  tl>  latira1  preconsoh 
da  t  ion  pressure  agrees  will  with  tlmsi  ol.taiind  from  \ngii.  loading  it,  oedom 
et»r  te'ts  ||hhi  vcr,  strain  contrulhd  holding  ti't-  t<  tnl  t<  >\ i  rest  nna  t  <  «, 
by  thret  to  four  t  inn  - 

Jn  It  W  a  *  show  I,  thioritliafk  t  h  .  •  tin  I,t:if..  ill  !  'la  .It  striligth  I' 
povt  r  in  d  by  t  In  e||<  i  1 1  v<  vi  rl  n  ;J  mi  -  nlid,  '  im  pr>  nr,  audio!  I .  \  t  i . .  m<  a  ’ 
eflec  t  i  Vi  i  ot  i  sol  id  a  t  ion  press 1  «  lino  s  |  r  i  •  '  m  •  o’  ’,,p  \  i| ,  i  r  i  n  g  «  « •  1 1  •  1 1 1  « I . , '  i « i : , 

dot  s  t i ot  ha\<  signifn  ant  inlluiiici  on  tin  utidrann  d  shear  strength  (  ompar 
ing  isotropically  and  otn  dinien'iona  |ly  <  oii'olida  t  <  >1  '|h  i  mu  im  tin  dilhrimi 
in  i  gt  lie  ra  I  ly  within  +  I  V  ,  I  In  r<  lor,  i  In  ion  e  t  <  n  t  m  e  res  t  mia  t  im .  of  , 
from  press  ii  rei  in  t  er  i  is  I  mg  can  not  l><  a  M  r  1 1  ml  i  <1  t  o  d  ilh  rint  stress  ra  t  nr  d  ■  • 
mg  cote  nl  id  a  t  Mm  m  la  Imra  1 1  >r  \  <  \  pi  r  1 1  p  n  n  < 


I>«  pt  tiding  on  tlu  consolidal ion  ratio,  port  pressure  devi  lopmt  ot  and  \, 


ran  van  ronsidt  ra bly  Afkl,  can  diflt  r  from  Af(  by  as  much  as  100' 


16  C  am  Clay  and  modified  ('am  Clay  models  were  developed  for  iso 
tropically  consolidated  clays.  Soil  deposits  encountered  in  practice  art  t  y  pi  - 


rally  him  dim*  nsionally  consolidated  Therefore,  the  extension  of  these  <r 


cal  stati  modi  Is  to  consider  k  consolidated  initial  states  provides  a  ham-  fur 


further  analy  tical  studies  of  m  s.tu  behavior  of  cla\s. 


17  Isot  ropu  or  anisotropic  virgin  consolidation  lints  and  tin  (-ritual 


htu  an  par, ,ili!  it.  \  Iti  p  space.  For  anisot  ropit  a  lly  cotisohda t»  d 


1  'tic  i  tin  rtlatoi  position  of  tin-  consolidation  lint  .  bttwcin  llu  ( 


f •  ‘ ■  >1*  I*  1  «lt  p«  mis  primarily  on  the  consolidation  stress  ratio  A  m  u  st,,i. 


!*•  ramitir  r  u.v-  introd  m  il  to  quantify  the  relative  posit  io-i  of  tin  k  ( 


lor  otu  dmu  ti',ona!!y  consolidated  clays,  *f  and  A(  were  shown  to  In  I'm  < 


t  ioi.-  of  r  and  \ 


Ihi'i  d  on  (  an.  (  lay  and  rnodiiit  d  Cam  Clay  models,  tin  port  pri-s-un 
dt  m  lopmt  nt  during  a  ('ll  (  test  was  quantified.  Skempton's  A-paramcti  r 


inert  .is!-  during  s|,tar  and  reaches  the  maximum,  Af,  at  failurt  For  th 


mt'dilud  <  am  (  lay  modtl.  tin  initial  value  of  A  is  1  /.'•$  for  a 


all  (lays  i  r  rt  s  > ,,  , 


s  I  ,\prt -•  mi.'  w i  ri  1 1*  \ i  lopi  <)  for  Af  ,  and  A(  k  Ho  h  are  fnm  t 


ala)  \  Jims,  lor  isotropically  or  a  n  isot  ropica  lly  cntisolida  ’  t  d  cla\s,  -\(  |s 


governed  by  shear  strength  ami  compressibility  characteristics  Sluar 


s t  r<  1 1 g t  h  w  a  -  a  h  o  s how  t<  t o  l><-  go vc rm-d  l> v  ■  and  \ 


r.itm  -’,/i 


-i  ■’,!  during  plant  strain  compression  is  olti 


assijiocd  •<>  In  a  constant  Mascd  on  tin  modilud  (  am  (’I 


a  v  modi  I,  ii  u  .t - 


■  h<  i  w  n  that  i  m  r<  a  si  1  I  ig  h  I  ly  during  s  In  ,i  r  This  ^  1 1 ,  ,i  g  ri  i  m<  1 1 1 


experimental  observations  Neve  rt  heless,  this  slight  increase  nia>  be  ignored 
for  practical  purposes  and  n2/(n\  may  be  assumed  a  constant 


1 

20  A  sign'd1  ant  increase  in  <.**  was  observed  for  horizontal  loading  of  one 
dimensionally  consolidated  specimens  in  the  cuboidal  shear  device.  Thus,  it  is 
necessary  to  use  the  appropriate-  value  of  -  depe  nding  on  the  loading  situa¬ 
tion  For  horizontal  loading,  as  in  the  case  of  the  pressureme  te  r  le-sting  in 
clays,  such  high  value  s  of  may  contribute  significantly  to  the  ove  restimation 
of  undraimd  shear  strength  when  compare-d  to  laboratory  experiments. 
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increases  sharply  as  the  probe  pressure  exceeds  the  creep  pressure.  Some 
researchers  (e.g.,  Mori  and  Tajima,  190-1;  Lukas  and  LeClerc  De  Hussy,  1970) 
state  that  the  creep  pressure  is  equivalent  to  the  horizontal  preconsolidation 
pressure  On  the  other  hand,  this  has  not  been  the  experience  in  France 
(Haguelin.  et  ah,  1978).  In  order  to  study  the  relationships  among  AK,  pres- 
surerneter  expansion  and  soil  stress  conditions,  AF  monitoring  during  the 
chamber  pressuremeter  tests  was  attempted. 

Acoustic  Emission  Instrumentation 

A  schematic  diagram  of  the  AF  system  is  shown  in  Fig.  11.1.  It  was 
manufactured  by  Acoustic  Emission  Technology  Corp.  The  sensor  (Model  No. 
A<  tol  l  ha-  a  resonant  frequency  of  30  kHz.  The  output  from  the  AF  console 
V'-m'  'JO  t <  i  contain*-  both  the  counts  of  AF  signals  exceeding  a  pre-set 
threshold  and  the  KMS  reading  which  represents  the  signal  level  (amplitude  in 
volt-  of  tin  amplilhd  Al  signal.  All  output  goes  directly  to  the  computer 
d a  ’  a  logging  svMem 

lb  ■  an*-*  soil  attenuate  A li  signals,  it  was  necessary  to  use  waveguides  to 
pa  k  up  tin  signal-  in  tin  soil  (Ford  et  ah,  198J).  Tin  needle  piezometers 
phi**<t  i  tin  vo, I  sampli  wi  r<  ideal  waveguides  since  they  are  made  of  stain- 
l»  '  ■*!  I  to  pn  /oim  n  r-  are  soldered  to  the  port  pressurt  transducer  ports 
v.  ■’  .t'i  ii  t  urn  la-iintd  to  tin  chamber  top  plate  The  Al  s»  nsor  lu¬ 
ll.'  i  g  '<<!  I  o  t  h*  <  lot  min  r  top  pla '  i 

Kenultft  of  AF  Headings  During  C’hambrr  J’ressurcmeter  Tests 

I  i g  in  II  J  -lio\\  -  tin  ,\|  data  from  test  ('1*3.  Tin  counts  increast 
lm<  .» r  1 1  *,tl  1 1,,  r.idia:  -ir.m,  m  tin  pn  ssurt  in*  ter.  Sum  the  pressureinc  1 1  r 
1 1  ■  -  ,i  ■  <  i.i  <t  ,«  '  *  i!  - 1  r . .  i  r .  i  oil  roll<  <)  Mil  M  count-  also  increase  linearh  with 
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Figure  II.  1  Schematic  diagram  of  the  A.E.  monitoring  system. 
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time.  The  RMS  readings  remain  relatively  low  and  stable  throughout  the 
test.  Both  the  AE  count  and  RMS  readings  represent  combined  effects  of  tin 
AE  signals  actually  generated  due  to  the  stress  increase  in  the  soil  and  noist 
during  the  test  which  was  not  filtered  out.  In  order  to  isolate  the  effects  of 
noise,  a  dummy  test  was  performed.  The  pressuremeter  was  installed  in  tin 
empty  chamber  under  the  same  cell  pressure  as  in  the  real  test.  The  AM  sig¬ 
nals  monitored  during  the  pressuremeter  expansion  are  shown  in  Fig.  II  It. 
Since  there  was  no  soil  to  be  stressed,  the  AM  signals  in  the  dummy  test  are 
generated  by  noise  only. 

Theoretically,  tin  deduction  of  the  values  shown  in  l  ip,  11.3  from  thoM  in 
Fig.  II. 2  represents  the  net  AF  signals  resulting  from  the  stressing  of  soil  dur¬ 
ing  pressuremeter  tests.  However,  Figv  11.2  and  11.3  indicate  that  the  magni¬ 
tudes  of  RMS  and  AF  counts  arc  similar  in  both  tests.  This  means  that  the 
recorded  AE  signals  are  essentially  all  due  to  the  noise  in  the  environment. 
Similar  results  were  also  obtained  in  other  tests.  A  possible  explanation  for 
this  phenomenon  is  that  the  clay  sample  was  completely  saturated  and  water 
does  not  transmit  AF  signals. 

Further  evaluation  of  the  AF  records  was  therefore  not  performed,  and 
no  additional  experiments  using  AF  counts  to  detect  radial  cracking  were  car¬ 
ried  out. 
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